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INTRODUCTION 


Project  Relay  is  the  National  Aeronautics 
and  Space  Administration’s  low-altitude, 
active  repeater  communication  satellite  proj- 
ect. The  objectives  of  this  program  were  to 
carry  out  communications  experiments  by 
satellite,  to  detect  radiation  particles  in  the 
Van  Allen  belt,  and  to  determine  the  extent 
of  radiation  damage  to  solar  cells  and  elec- 
tronic components. 

This  report  describes  the  history,  tech- 
nical developments  and  events  concerned 
w'ith  Project  Relay. 

The  application  of  satellites  for  providing 
long  distance  communication  capabilities  had 
been  forecast  for  some  time.  Prior  to  1960 
NASA  had  pursued  the  development  of  pas- 
sive satellites  and  demonstrated  the  feasibil- 
ity of  microwave  satellite  communications 
with  the  successful  launch  of  the  Echo  satel- 
lite. The  Department  of  Defense  had  con- 
ducted communication  experiments  using  the 
active  repeater  satellites  SCORE  and  Cour- 
ier. 

In  November  of  1960  NASA  awarded  a 
contract  to  the  Space  Technology  Labora- 
tories to  conduct  an  accelerated  study  which 
would  determine  the  technical  characteristics 
of  an  experimental  low-altitude,  active  com- 
munications satellite  system  capable  of  pro- 
viding technology  leading  to  a commercial 
communications  satellite  system.  This  study 
examined  satellite  equipment,  modulation 
systems,  satellite  structure,  thermal  control, 
attitude  control,  power  systems,  tracking, 
telemetry,  command,  ground  station  configu- 
rations, and  antennae  for  a communications 
satellite  system.  In  addition,  numerous  orbit 
studies  were  conducted  to  examine  viewing 
times  between  station  pairs  of  possible 


ground  station  locations.  Specifications  were 
developed  from  this  work  for  the  Relay  sat- 
ellite. 

In  January  of  1961,  industry  was  briefed 
on  the  requirements  of  Project  Relay  and  in 
May  of  1961  a contract  was  awarded  to  the 
Radio  Corporation  of  America,  Astro-Elec- 
tronics Division  for  the  development  of  three 
flight  spacecraft  for  Project  Relay. 

In  addition  to  the  primary  communications 
equipment,  instrumentation  was  also  de- 
signed to  measure  the  intensity  and  distribu- 
tion of  high  and  low  energy  electrons  and 
protons  in  the  space  environment  and  to  de- 
termine the  extent  of  damage  that  these 
particles  would  cause  to  diodes  and  solar 
cells.  Bell  Telephone  Laboratories  and  the 
State  University  of  Iowa  developed  and  built 
the  radiation  monitoring  equipment  under  a 
NASA  contract.  Diode  and  solar  cell  damage 
experiments  were  developed  by  NASA/God- 
dard Space  Flight  Center. 

During  this  period,  great  international  in- 
terest was  shown  in  the  Relay  program  and 
foreign  governments  were  invited  to  partici- 
pate in  communications  experiments  using 
the  Relay  satellite.  Under  agreements  ap- 
proved by  the  respective  countries,  communi- 
cations organizations  in  the  United  Kingdom, 
France,  West  Germany,  Italy,  Brazil  and 
Japan  developed  ground  stations  for  partici- 
pating in  the  Relay  experiments.  An  Interna- 
tional Ground  Station  Committee  was  formed 
for  coordination  and  definition  of  the  Relay 
system  and  communication  experiments.  The 
Ground  Station  Committee  is  chaired  by 
L.  Jaffe,  Director  of  Communication  and 
Navigation  Programs,  NASA  Headquarters 
with  D.  G.  Mazur  of  NASA/Goddard  Space 
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Flight  Center  as  alternate  chairman.  This 
membership  includes  the  Relay  Project  and 
Assistant  Project  Managers,  and  a repre- 
sentative from  each  participating  ground 
station.  The  capabilities  and  experiment  re- 
quirements of  the  various  countries  repre- 
sented an  important  contribution  to  the 
design  of  the  Relay  communication  system, 
including  the  communications  transponder  in 
the  spacecraft. 

In  addition  to  the  participating  overseas 
ground  stations,  the  NASA  contracted  with 
the  American  Telephone  and  Telegraph  Com- 
pany and  the  International  Telephone  and 
Telegraph  Company  for  their  services  and 
facilities  at  Andover,  Maine,  and  Nutley, 
New  Jersey,  respectively,  for  performing  ex- 
periments as  defined  by  NASA. 

Two  NASA  test  stations,  located  at  Mo- 
jave, California,  and  at  the  IT&T  facility, 
Nutley,  New  Jersey,  were  developed  for  the 
Relay  Project.  These  stations  are  utilized  for 
commanding,  receiving  telemetry  from  the 
spacecraft,  and  running  communications 
tests  and  experiments.  These  test  stations 
were  designed,  built  and  operated  by  the 
Space  Technology  Laboratories  under  con- 
tract to  NASA. 

The  first  Relay  spacecraft  was  launched 
on  December  13,  1962  from  the  Atlantic 
Missile  Range  by  a Delta  vehicle.  A near 
nominal  orbit  with  a perigee  of  712  nautical 
miles,  apogee  of  4020  nautical  miles,  inclina- 
tion of  47.5  degrees,  and  a period  of  185 
minutes  was  achieved. 

After  experiencing  some  difficulty  with 
one  of  the  communication  transponders,  the 
spacecraft  was  brought  successfully  under 
control,  and  in  January  of  1963  technical 
tests  and  demonstrations  were  begun.  These 
tests  have  continued  for  the  lifetime  of  the 
satellite,  and  the  objectives  of  the  program 
have  been  met.  Test  results  show  that  a 


satellite  can  be  successfully  used  as  a micro- 
wave  repeater  and  that  the  results  obtained 
are  in  full  agreement  with  theory.  Radiation 
has  gradually  affected  the  spacecraft  power 
system,  and  damage  measurements  to  se- 
lected solar  cells  have  shown  that  N on  P 
solar  cells  are  more  resistant  to  radiation 
than  P on  N cells.  Some  mapping  of  the 
electron  and  proton  fields  in  the  Relay  orbit 
was  also  accomplished. 

The  papers  which  follow  in  the  body  of 
this  report  describe  in  detail  the  basic  ele- 
ments of  the  Relay  system  and  the  technical 
information  gained  from  the  project.  This 
report  is  intended  to  satisfy  the  objective  of 
enabling  broad  dissemination  of  information 
concerning  Project  Relay  to  the  scientific  and 
engineering  community. 

Part  I of  this  report  describes  the  major 
elements  of  the  overall  Relay  system  and 
the  technical  considerations  leading  to  the 
design  and  development  of  the  Relay  satellite. 

In  Part  II,  the  operational  problems  asso- 
ciated with  an  experimental  satellite  are 
discussed,  and  a detailed  description  is  given 
of  the  Relay  test  stations,  the  U.S.  commu- 
nication stations,  and  the  spacecraft  radiation 
monitoring  and  damage  experiments.  This 
volume  also  contains  the  communications  ex- 
periment results  obtained  by  the  U.S.  ground 
stations  in  addition  to  giving  results  of  the 
radiation  experiments. 

Part  III  of  this  report  is  a compilation 
of  reports  submitted  to  NASA  by  the  inter- 
national ground  stations.  These  show  the 
technical  considerations  and  problems  en- 
countered in  the  development  and  operation 
of  the  overseas  ground  stations.  The  sepa- 
rate reports  contained  in  this  volume  are 
substantially  as  submitted  by  the  various 
international  participants  and  provide  station 
descriptions  and  results  of  experiments  as 
conducted  with  the  Relay  satellite. 
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INTRODUCTION 

The  Relay  project  under  the  direction  of 
NASA,  Goddard  Space  Flight  Center,  has 
resulted  in  the  successful  operation  of  an 
experimental,  active  repeater,  communica- 
tion satellite  for  over  a year.  Results  of  the 
system  studies  started  in  November  1960  by 
STL  preceded  the  project  development  and 
led  to  valid  engineering  compromises  between 
the  communication  satellite  performance  ob- 
jectives and  the  various  system  constraints 
and  parameters  discussed  herein. 

In  the  following  material,  relationships 
between  the  system  parameters,  constraints, 
and  desired  objectives  will  be  discussed.  In- 
cluded are:  a)  the  system  design  tradeoff 
areas,  b)  requirements  of  the  orbit,  c)  com- 
munication system  performance  objectives, 
and  d)  the  spacecraft  transponder  specifica- 
tion interface  with  the  widely  varied  facilities 
and  capabilities  of  the  ground  and  test  sta- 
tions. Finally,  typical  link  calculations  are 
given  with  predicted  performance  margins 
for  both  wideband  and  narrowband  operation. 

Papers  found  in  Parts  II  and  III  describe 
communication  experiment  results,  facilitat- 
ing comparison  between  predicted  and  actual 
values  of  signal  levels  and  performance 
margins. 

SYSTEM  DESIGN  TRADEOFFS 

The  Relay  system  design  evolved  with  the 
solution  of  the  interface  problems  and  system 


tradeoffs  related  to  the  following  major 
areas. 

1.  Ground  station  and  test  station  design 
characteristics,  including  their  geographical 
locations,  antenna  characteristics  and  receiv- 
ing system  noise  temperatures. 

2.  Communication  system  baseband  to 
baseband  performance  in  accordance  with 
minimally  modified  CCIR  and  CCITT  require- 
ments as  necessitated  by  1.  above. 

3.  Spacecraft  transponder  configuration, 
effective  radiated  power  output  and  antenna 
characteristics  consistent  with  minimum 
weight  and  maximum  efficiency. 

4.  Selection  of  an  orbit  that  would  provide : 

(a)  Acceptable  mutual  visibility  times 
between  the  stations  for  both  East  to 
West  and  North  to  South  links  consistent 
with  spacecraft  power  system  capability. 

(b)  Traversal  through  radiation  fields 
of  sufficient  intensity  to  permit  assessment 
of  radiation  damage  to  semiconductor  ma- 
terials carried  in  the  spacecraft  radiation 
experiments. 

(c)  Both  (a)  and  (b)  above  to  be  con- 
sistent with  the  booster-vehicle  capability 
when  launched  from  the  Atlantic  Missile 
Range. 

By  virtue  of  almost  two  years  of  successful 
operation  of  the  Relay  system,  it  can  be  said 
that  the  major  design  tradeoffs  had  been 
adequately  considered. 
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GROUND  STATION  AND  TEST  STATION 
DESIGN  CHARACTERISTICS 

Figure  1-1  provides  a means  of  viewing 
the  geographical  locations  of  the  stations 
participating  in  the  Relay  program.  Typical 
great-circle  distances  involved  in  the  N-S 
link  are  in  the  order  of  5000  statute  miles, 
4200  statute  miles  in  the  E-W  link. 

Table  1-1  lists  the  major  station  design 
characteristics  upon  which  the  system  link 
calculations  were  based.  Of  particular  note 
is  the  wide  variation  of  system  noise  tem- 
peratures and  antenna  gains  among  the 
stations, within  which  bounds  the  varied  com- 
munication requirements  were  to  be  met.  It 
is  appropriate  to  note  that  in  the  early 
design  phases  of  the  program  only  “best 
estimates”  for  antenna  gains  and  noise  tem- 
peratures were  available  in  some  cases.  It 
was  expected  that  as  the  stations  became 
operational  and  refinements  in  equipment  and 


measuring  techniques  were  made,  that  the 
criteria  of  Table  1-1  would  appear  slightly 
pessimistic,  thus  adding  to  the  system  per- 
formance margins. 

Since  individual  papers  in  Parts  II  and  III 
provide  details  of  all  the  participating  sta- 
tions, only  the  major  station  design  char- 
acteristics and  the  manner  in  which  they 
interfaced  with  the  Relay  system  design  are 
discussed  here. 

Frequency  Selection 

One  major  consideration  given  to  the 
choice  of  the  uplink  frequency  was  that  of 
minimizing  the  collimation  error  of  ground 
transmitting  and  receiving  antenna  beams. 
It  should  be  noted  that,  chronologically 
speaking,  the  stations  were  not  operational 
at  the  time  of  frequency  selection.  Potential 
tracking  error  sources  (servo  system  angular 
resolution,  gear  backlash,  wind  gust  induced 
servo  error,  nonorthogonality  of  antenna 


Figure  1-1. — Geographical  locations  of  stations  participating  in  Project  Relay. 


THE  RELAY  SYSTEM 


7 


Table  1-1. — Relay  Ground  Station  and  Test  Station  Design  Characteristics 


Station 

Transmit  and  receive 

Antenna 

Receiver 

Gain 

Total  system 
noise  temp. 

capability 

1725  Me 

4170  Me 

at  7.5°  elev. 

Andover,  Maine 
Ground  Station. 

One-way  television  and 
300-channel  tele- 
phony; two-way,  12 
channel  telephony 

3600-ft2  aperature 
horn,  AZ-EL 
mount,  under 
radome 

4°K  maser 

50.2  db 

57.6  db 

50.8°K 

Fucino,  Italy 
Ground  Station. 

Receive  12-channel 
telephony 

30-ft  diam. 
Cassegrainian 
parabola,  AZ-EL 
mount 

Cooled 

parametric 

amplifier 

'1 

j 

48.6  db 

220-250°K 

Goonhilly  Downs, 
England 
Ground  Station. 

One-way  television  and 
300-channel  tele- 
phony; two-way,  12 
channel  telephony 

85-ft-diam. 
parabola, 
AZ-EL  mount 

Maser 

50.7  db 

58.4  db 

100°K 

Mojave,  California 
Test  Station. 

Wideband  test  signals 

40-ft-diam. 
parabola, 
X-Y  mount 

100°K  cooled 
parametric 
amplifier 

44  db 

52  db 

175°K 

Nutley,  New 
Jersey 

Test  Station. 

Wideband  test  signals 

Same  as  Nutley 
Ground 
Station 

120°K  cooled 
parametric 
amplifier 

42.9  db 

51.1  db 

200°K 

Nutley,  New 
Jersey 

Ground  Station. 

Two-way,  12-channel 
telephony 

40-ft-diam. 

Cassegrainian 

parabola, 

AZ-EL  mount  j 

290°K 

parametric 

amplifier 

42.9  db 

j 

51.1  db 

420°K 

Pleumeur-Bodou, 

France 

Ground  Station. 

One-way  television  and 
300-channel  tele- 
phony; two-way,  12- 
channel  telephony 

3600-ft2  aperature 
horn,  AZ-EL 
mount  under 
radome 

4°K  maser 

50.2  db 

57.6  db 

50.8°K 

Rio  de  Janeiro, 
Brazil 

Ground  Station. 

| 

Two-way  12-channel 
telephony 

35-ft  diam. 
Cassegrainian 
parabola, 
AZ-EL  mount 

290°K 

parametric 

amplifier 

40.2  db 

48.2  db 

420°K 

axes)  were  not  finitely  known.  Compounding 
this  was  the  variety  in  size  and  type  of  an- 
tennas which  the  Relay  system  had  to  accom- 
modate. 

Whereas  the  downlink  (wideband)  center 
frequency  was  prearranged  by  agreement 
between  GSFC/NASA  and  BTL  to  be  4169.72 
Me,  compatible  with  Telstar  1 4 kMc  tracking 
beacon,  it  was  decided  to  utilize  a lower  up- 
link frequency  to  take  advantage  of  the  wider 
antenna  beamwidth  that  results.  Thus,  track- 


ing at  4 kMc  and  transmitting  on  the  up-link 
at  2 kMc  with  twice  the  antenna  beamwidth 
materially  eased  the  beam  collimation  re- 
quirements. 

The  tracking  geometry  is  illustrated  in 
Figure  1-2;  the  analysis  of  this  problem 
along  with  other  tracking  and  acquisition 
considerations  is  available.* 

*Project  Relay  Ground  Station  Acquisition  and 
Tracking  Considerations,  STL  Document  No.  8949- 
0012-NU-000. 
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S = Satellite  uncertainty  in  the  plane  nor- 
mal to  antenna  line  of  sight 
as  = Nominal  satellite  position 
<2.4  = Antenna  beamwidth  A (tracking), 

$n  = antenna  beamwidth  B (trans- 
mitting) 

e'A  — Beamwidth  A positioned  at  opposite 
limit 

eP  = Allowable  pointing  error 
(c  = Allowable  RF  collimation  error  for 
beamwidths  A and  B,  $B  > dA 


The  exact  frequencies  selected  were  there- 
fore: 

UPLINK  ( Ground-to-spacecraft) 

1725.000  Me  for  one-way  television 
1723.333  Me  for  East-to-West^ 

and  North-to-South  / two-way 
1726.667  Me  for  West-to-East?  telephony 
and  South-to-North  ) 

DO  WNLINK  ( Spacecraft-to-ground ) 

4169.72  Me  for  one-way  television 

4164.72  Me  for  East-to-West^ 

and  North-to-South  / two-way 

4174.72  Me  for  West-to-East  } telephony 
and  South-to-North  ) 

The  additional  advantage  to  be  gained  by 
the  choice  of  a lower  uplink  frequency  for 


Figure  1-3. — Sky  temperature. 


transmission  was  that  any  4 kMc  waveguide 
used  in  a ground  station  receiving  antenna 
system  would  be  operating  well  below  cutoff 
at  the  2 kMc  transmitting  frequency,  thus 
providing  increased  isolation  for  the  sensitive 
receivers.  Antenna  feed  systems  could  then 
be  made  simpler,  obviating  the  need  for 
diplexers  and  filters  in  some  cases. 

Selection  of  these  frequencies,  as  can  be 
seen  from  Figure  1-3,  is  compatible  with 
lower  noise  contributions  from  galactic  and 
sky  sources  as  well  as  water  vapor  and  oxy- 
gen absorption  effects.* 

Power  Level  Considerations 

During  the  system  study  phase  of  Relay, 
the  link  calculations  were  subjected  to  an 
iterative  process  as  the  requirements  of 
ground  and  spacecraft  transmitter  power 
levels  were  being  finalized.  Previously,  an 
extensive  state-of-the-art  study  had  been 
conducted  by  STL  for  GSFC  in  the  field  of 
power  amplifying  devices  for  spacecraft  ap- 
plications.** The  applicability  and  availabil- 

* Ground  Station  Factors  Affecting  Wideband 
Relay  Link  Parameters  of  the  NASA  Communica- 
tions Satellite , STL  Document  No.  8949-0001-NU- 
000. 

**  Project  Relay  Airborne  Equipment  Survey , STL 
Document  No.  8949-0010-NU-000. 
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ity  of  TWT’s,  planar  triodes,  and  voltage 
tunable  magnetrons  were  investigated. 

Finally  selected  were  a specially  developed 
10  kw  Eimac  klystron  for  the  ground  trans- 
mitter and  a 10  w RCA  traveling  wave  tube 
for  the  more  critical  downlink.  The  former 
was  selected  on  the  basis  of  minimizing  any 
noise  contribution  on  the  uplink,  thus  pro- 
viding some  margin  for  spacecraft  receiver 
noise  figure  degradation,  with  the  adjunctive 
consideration  that  the  weight  penalty  could 
be  most  conveniently  carried  in  the  ground 
equipment.  The  choice  of  TWT  for  the  space- 
craft was  based  on  bandwidth,  efficiency  and 
low  weight  characteristics  coupled  to  a power 
level  that  would  enhance  performance  mar- 
gins. 

Both  devices  were  engineering  development 
tasks  that  could  be  completed  and  tested  in 
consonance  with  the  schedule  for  ground  sta- 
tion and  spacecraft  completion.  Therefore, 
NASA/GSFC  outfitted  both  ground  and  test 
stations  with  identical  10  kw  transmitters. 

SPACECRAFT  SPECIFICATION  SUMMARY 

There  were  four  possible  configurations 
for  the  overall  Relay  spacecraft  proposed  to 
NASA/GSFC  in  April  1961  as  a result  of 
STL  studies.*  Included  were  studies  on  a 
number  of  suggested  configurations  for  the 
transponder.**  A linear-translator,  a fre- 
quency-multiplier and  demodulator-remodu- 
lator were  among  those  examined.  Analyses 
of  modulation  systems,  link  parameters  and 
satellite  antennas,  as  outlined  in  the  study 
reports  were  given  considered  judgement  by 
NASA/GSFC.  The  redundant,  multiplier 
transponder  configuration  was  finally  se- 
lected. 

As  design  and  development  proceeded 
within  the  facilities  of  the  spacecraft  con- 
tractor, the  detailed  configuration  of  Figure 
1-4  evolved. 

A brief  summary  of  the  major  spacecraft 
performance  requirements  is  given  below. 
Later  papers  in  this  volume  will  describe  the 
spacecraft  in  detail. 

Weight:  172  lb. 

Stabilization:  Spin,  150  rpm  nominal 


(longitudinal),  spin  axis  nominally  90  de- 
grees to  the  sun  vector. 

Power  System:  P on  N solar  array  (Relay 

1 only)  60  mil  silica  shielding,  10.5  percent 
minimum  efficiency  cells  at  30°C,  AMO; 
sealed  Ni-Cad  batteries^'  9 AH  capacity, 
matched  cells;  unregulated  output  28 1$  vdc 
with  maximum  20  mv  ripple ; individual  regu- 
lators for  transponders,  22.5  vdc  ± 1 percent ; 
low  power  regulator  for  radiation  experi- 
ment, 22.5  ±1  percent,  common  negative 
ground  system.  Continuous  load  require- 
ments 5.5  watts,  transponder  load  92  watts 
for  36  minutes  of  operation  in  an  orbital 
period  of  163  minutes. 

Telemetry  System:  Dual  136  Me  (nominal 
frequency)  transmitters,  individually  com- 
manded, with  switchable  modulation;  200 
mw  output  with  minimum  of  24  to  33  vdc 
input,  PCM/PM  modulation,  continuous  op- 
eration capability  at  0°C  to  +30  °C,  0 to  5 
volt  telemetry  data  input  signal  level,  with 

2 to  5 volt  range  input  causing  RF  carrier 
phase  shift  to  140  ±5  degrees;  RFI  per- 
formance requirements  in  accordance  with 
MIL-I-26600.  Antenna  system  to  be  shared 
with  command  system.  Telemetry  system 
inputs  to  be  obtained  via  an  encoder  preceded 
by  suitable  signal  conditioning  circuits.  En- 
coder contains  1-128  channel  main  multi- 
plexer (primarily  radiation  experiment  data 
inputs),  1-64  channel  submultiplexer  (pri- 
marily spacecraft  instrumentation),  1-32 
channel  submultiplexer  (solar  cell  radiation 
damage  experiment  data  input) , 1152  bits/sec 
data  rate,  split  phase  NRZ  output  format. 

Command  System:  Frequency  (about  150 
Me  ; redundant,  l^v  sensitivity  receivers  and 
decoders;  compatible  with  NASA  PCM/ 
PDM/AM/AM  command  format,  20  command 
capability  with  telemetered  command  veri- 
fication ; antennas  shared  with  telemetry 
transmitters;  continuously  operable  at  tem- 


*Ground  Station  Factors  Affecting  Wideband  Re- 
lay  Link  Parameters  of  the  NASA  Communications 
Satellite , STL  Document  No.  8949-000 1-NU-000. 

**Final  Report — Project  Relay  Active  Communi- 
cations Satellite  System  Study , Volume  7,  STL 
Document  No.  8 949-00 04-RU-000. 


10 


RELAY  I— PART  I 


fG  = 68.33  Me 


LOCAL 
OSCILLATORl 


1725.0  Mc-WB 
1723.333  Me) 
1726.667  MeJ 


3- 

T 


r5-4 


IF 

AMPLIFIER 


I 

AGC 


BANDPASS 

FILTER 

- 

LIMITER 

- 

TRIPLER 

TWO-WAY  TELEPHONE 


i8  ™SSW  L1MITER 


TRIPLER 


f0  = 71 .67  Me 
fD  “ 70 .0  Me 


TELEVISION 


TRIPLER 


LOCAL 

OSCILLATOR 

j|^ 

3 

BEACON 

b 

TRANSPONDER  NO.  2 SAME  AS  ABOVE 


4169.72  Mc-WB 

4164.72  Mel  kjd 

4174.72  Me  J NB 


J 


Figure  1-4. — Relay  satellite  transponder  configuration. 


peratures  of  0 to  30°C  with  input  voltage 
between  20  and  34  vdc.  RFI  performance 
compatible  with  MIL-I-26600  standards. 

Wideband  System:  Two  completely  redun- 
dant systems,  switchable  on  command ; uplink 
frequency  1.725  kMc  nominal  center  fre- 
quency ; downlink  frequency  4.170  kMc  nom- 
inal center  frequency;  input  signal  dynamic 
range  — 40  to  — 80  dbm;  output  signal  10 
watts  nominal  for  TV,  4 watts  for  each  car- 
rier for  two-way,  twelve-channel  telephony; 
hard-limiting,  tripler  configuration  (Figure 
1-4) ; FM  modulation.  Antenna  polarization 
circular,  right  hand  for  receiving,  left  hand 
for  transmitting,  70  db  minimum  isolation 
between  transmitter  and  receiver;  antenna 
gain  greater  than  — 1 db  for  look  angles  (8) 
between  35  and  120  degrees ; antenna 
VSWR’s  less  than  2:1;  receiver  noise  figure 
less  than  14  db  including  3 db  input  hybrid 
coupler;  image  rejection  greater  than  20  db; 
crosstalk  in  narrowband  channels  to  be  less 
than  —55  dbmO  in  CCIR  group  A or  B 
channel;  phase  delay  response  over  23  Me 
output  bandwidth  less  than  50  nsec  para- 
bolic, 7 nsec  linear,  5 nsec  ripple,  with  ±5 
percent  matching  characteristics  from  trans- 
ponder to  transponder;  4 kMc  ±20  kc  track- 
ing beacon  of  40  mw  minimum  effective 
radiated  power. 

Thermal  Control:  Both  active  (actuator- 
vane  type)  and  passive.  Component  average 
temperature  to  be  maintained  between  +5°C 
and  +30°C. 


Attitude  Control:*  Active,  torquing  coil. 

RELAY  ORBIT  CHARACTERISTICS 

The  Relay  orbit  was  designed  to  meet  the 
following  requirements : 

1.  To  maximize  satellite  mutual  visibility 
above  a 5-degree  horizon  between  U.S.  and 
Europe.  A minimum  of  100  minutes  per  day 
during  the  first  30  days  was  the  achieved 
design  objective. 

2.  To  provide  acceptable  mutual  visibility 
times  for  the  test  stations  and  smaller  ground 
stations  (see  Figure  1-1  and  Table  1-1)  . 

3.  To  traverse  a radiation  environment 
suitable  for  evaluation  by  the  on-board  radi- 
ation experiments. 

4.  To  minimize  the  simultaneous  occur- 
rence of  mutual  visibility  times  and  eclipses. 

5.  The  sun  look  angle  was  to  lie  between 
90  ±15  degrees  for  the  first  30  days  in  orbit 
with  a maximum  deviation  of  ±31  degrees 
for  a year’s  orbit. 

6.  The  launch  trajectory  was  to  be  con- 
sistent with  the  range  safety  requirements 
at  AMR. 

Based  on  launch  vehicle  economics,  pay- 
load  weight  and  reliability,  Relay  was 
launched  by  a vehicle  consisting  of  a Thor- 
Delta  Block  II  first  stage,  an  AJ10-118  second 
stage  and  an  ABM-248  third  stage,  utilizing 
a low  drag  nose  fairing. 

♦Perturbations  in  the  spacecraft  attitude  were  of 
so  minor  a nature  that  this  system  was  not  actively 
used. 
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Within  the  constraints  outlined  above,  few 
orbital  parameters  were  really  open  for  judg- 
ment, as  each  minimized  parameter  choice. 
In  general,  operating  time  as  a variable  ab- 
sorbed the  influences  of  the  various  system 
constraints. 

Allowable  launch  azimuths  at  AMR,  within 
range  safety  boundaries,  extend  from  nearly 
due  east  to  about  108  degrees  true.  Using 
this  southernmost  pitch  plane  would  lead  to 
an  orbital  inclination  of  approximately  30 
degrees. 

Since  a greater  inclination  was  needed,  a 
dog-leg  launch  trajectory  was  flown.  Giving 
the  upper  stages  a yaw  angle-of-attack  to 
the  right  caused  the  final  velocity  vector  to 
be  rotated  such  that  the  resulting  orbit  plane 
inclination  was  47.5  degrees. 

Several  ground  stations  are  at  north  lati- 
tudes in  the  40-50  degree  region,  therefore, 
the  47.5  degree  inclination  was  an  acceptable 
compromise. 

The  Delta  launch  sequence  involves  two 
stages  of  powered  flight,  coasting  to  apogee 
of  a transfer  ellipse,  then  an  injection  burn 
of  the  final  stage  increases  the  velocity  to 
greater  than  that  required  for  a circular 
orbit  at  that  altitude.  Apogee  on  the  trans- 
fer orbit  becomes  perigee  on  the  final  orbit, 
and  the  altitude  of  apogee  in  the  final  orbit 
is  a function  of  the  velocity  in  excess  of 
circular  velocity  achieved  at  final  burnout. 
Apogee  and  perigee  altitudes  for  the  result- 
ing orbit  are  therefore  influenced  by  the 
amount  of  energy  used  for  rotating  the  veloc- 
ity vector  to  control  the  inclination. 

The  172  pound  spacecraft  was  thus  placed 
in  a 4000  nautical  mile  apogee  - 700  nautical 
mile  perigee  orbit  which  was  inclined  47.5 
degrees  with  respect  to  the  equator.  These 
three  orbit  parameters  represent  a good  com- 
promise between  communication  operation 
time  and  booster  capability,  with  adequate 
launch  vehicle  performance  and  stability 
margins  to  insure  a high  probability  of  launch 
success. 

Point-to-point  communication  via  the  Re- 
lay satellite  is  available  only  when  the  space- 
craft is  5 degrees  above  horizons  of  both 


stations.  It  can  be  readily  visualized  that 
the  farther  the  satellite  is  from  either  station 
the  higher  its  altitude  must  be  for  mutual 
visibility.  With  ground  stations  in  England, 
France,  Germany,  Italy,  and  the  U.S.  it  is 
easy  to  visualize  those  periods  when  commu- 
nication might  be  available  across  the  Atlan- 
tic Ocean.  The  latitude  of  the  ground  track 
must  be  close  to  the  latitude  of  the  stations, 
depending  upon  the  coincident  altitude.  At 
the  same  time  the  longitude  of  the  ground 
track  must  be  between  the  longitudes  of  the 
participating  stations,  again  depending  upon 
the  altitude.  With  a ground  station  in  South 
America,  a similar  discussion  applies  for 
mutual  visibility  to  North  America  or  to 
Europe. 

For  the  Relay  I satellite  in  the  orbit  pre- 
viously discussed,  the  latitude,  longitude,  and 
altitude  requirements  for  mutual  visibility 
were  met  at  least  two  or  three  times  each 
day  on  successive  revolutions.  Adjacent  com- 
munication passes  were  separated  by  the 
orbital  period  of  approximately  three  hours, 
consistent  with  spacecraft  power  supply  re- 
charging capability.  The  exact  amount  of 
useful  communication  operation  time  was 
different  on  each  pass,  and  the  time  of  occur- 
rence followed  no  simple  pattern  but  was 
predicted  by  using  computer  computation  for 
the  orbit. 

From  the  nature  of  the  launch  trajectory 
it  is  apparent  that  injection  (perigee)  occurs 
near  the  equator.  Initially,  therefore,  apogee 
is  also  near  the  equator.  One  significant  orbit 
perturbation,  due  to  the  oblate  earth,  is  the 
motion  of  apogee.  From  its  starting  position, 
apogee  progresses  northward  in  the  orbit 
plane  at  a rate  which  is  a function  of  the 
size,  shape,  and  inclination  of  the  orbit,  and 
of  the  oblateness  of  the  gravitational  poten- 
tial field.  For  this  orbit  the  apsidal  rate  was 
1.2  degrees  per  day.  Apogee  therefore  oc- 
curred at  northern  latitudes  throughout  the 
first  five  months  in  orbit.  Obviously,  the 
longest  mutual  visibility  periods  for  the 
Atlantic  link  were  available  during  this  fa- 
vorable interval,  but  a few  months  later  with 
perigee  at  northern  latitudes,  operating  time 
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on  this  link  was  greatly  reduced. 

Another  feature  of  the  Relay  orbit  which 
can  be  described  in  general  terms  is  the  oc- 
currence of  eclipse  periods  during  some 
revolutions.  On-board  component  tempera- 
tures and  power  supply  capacity  (maintained 
by  solar  cell  energy  conversion)  are  reduced 
during  eclipse  seasons.  Since  the  most  useful 
mutual  visibility  occurred  when  the  space- 
craft was  near  apogee,  and  most  eclipses 
occur  when  near  perigee,  little  communica- 
tion time  was  lost  due  to  coincidence  of 
eclipse. 

The  other  orbit  perturbation  resulting 
from  the  oblate  gravity  field  is  a rotation  of 
the  orbit  plane  about  the  polar  axis.  This 
nodal  regression  amounted  to  1.3  degrees 
per  day  for  the  Relay  orbit.  A rather  com- 
plex combination  of  nodal  regression,  apsidal 
rotation,  and  the  earth’s  motion  around  the 
sun  causes  the  length  of  eclipse  seasons  and 
the  duration  of  eclipse  on  particular  revolu- 
tions to  be  difficult  to  predict  unless  machine 
computations  are  used.  It  is  nevertheless 
possible  to  visualize  two  other  features  of 
the  eclipse  geometry. 

Due  to  the  size  of  the  orbit  and  the  inclina- 
tion of  the  orbit  plane,  there  were  periods 
when  this  plane  made  a large  (maximum) 
angle  with  the  earth-sun  line.  No  eclipsing 
occurred  for  a time,  the  duration  of  which 
depended  on  whether  apogee  or  perigee  was 
nearest  to  the  umbra.  Also,  consistent  with 
other  known  constraints,  when  selecting  the 
launch  time,  the  eclipse  experiences  which 
were  to  affect  system  operation  during  the 
early  weeks  in  orbit  were  somewhat  con- 
trolled by  specifying  the  lift-off  time  in  the 
launch  window,  thus  minimizing  eclipses 
during  early  revolutions. 

Relay,  a spin-stabilized  spacecraft,  essen- 
tially maintained  the  same  attitude  it  was 
given  at  injection.  So  far  as  the  utilization 
of  ambient  solar  energy  is  concerned,  it 
would  be  preferred  that  this  orientation  be 
always  normal  to  the  ecliptic  plane.  Actually 
the  orientation  with  respect  to  the  earth  is 
controlled  by  powered  flight  considerations. 
It  is  then  a matter  of  accepting  the  annual 


sinusoidal  variation  in  orientation  angle  be- 
tween the  spin-axis  and  the  sun  line  which 
arises.  A time-of-day  for  injection  can  be 
selected  for  any  launch  date  in  order  to 
minimize  this  fluctuation  in  available  solar 
energy.  It  was  this  parameter,  rather  than 
eclipse  considerations,  which  governed  the 
actual  launch  time. 

With  the  inertially  fixed  spin-axis  orien- 
tation, there  arose  one  significant  geometrical 
constraint  on  the  communication  usage  of 
the  Relay  spacecraft:  the  satellite  antenna 
gain  pattern  could  limit  the  amount  of  mu- 
tual visibility  time  available  for  operations. 
As  the  vehicle  moved  along  its  orbit,  the 
line-of-sight  between  ground  and  airborne 
antenna  changed  length  and  orientation  with 
respect  to  the  spin  axis.  Detailed  planning 
of  operating  periods  therefore  required  the 
selection  of  those  sections  of  the  geometrical 
mutual  visibility  periods  when  favorable  an- 
tenna look  angles  were  also  available.  The 
task  of  selection  was  given  to  the  personnel 
of  the  Operations  Center. 

It  is  of  interest  to  compare  the  prelaunch 
orbital  element  data  with  early  tracking  and 
elements  computed  by  GSFC  Data  Systems 
Division  after  several  days  in  orbit.  It  can 
be  seen  from  Table  1-2  that  the  desired  orbit 
was  achieved  with  only  minute  deviation,  to 
the  credit  of  all  concerned. 

COMMUNICATION  SYSTEM  CHARACTERISTICS 
AND  PERFORMANCE  OBJECTIVES 

The  basic  communication  objective  for  Re- 
lay I was  the  transmission  of  television  and 
telephony  across  the  Atlantic  and  the  trans- 
mission of  telephony  between  North  and 
South  America  via  a satellite  relay.  In  order 
to  achieve  this  objective,  certain  system 
standards  were  adopted  for  the  communica- 
tion link.*  Because  the  Relay  program  in- 
volved the  cooperative  efforts  of  many 
countries,  as  well  as  many  industrial  organi- 
zations within  these  countries,  the  standards 
selected  for  use  in  this  system  were  the 
recommendations  of  the  International  Radio 

* Project  Relay  I System  Requirements , GSFC/ 
STL  Document  No.  Rl-0000. 


THE  RELAY  SYSTEM 


13 


Table  1-2. — -Relay  Orbital  Elements 


Elements 

Prelaunch 

Early  tracking 

Post  launch 

Units 

Epoch__  __  - 

11  Dec.  62; 

13  Dec.  62; 
2350 

1.686 

13  Dec.  62; 

Semi-major  axis  __  __  _ _ - 

2350 

1.681 

2350 

1.68673 

earth  radii 

Eccentricity - „ --  - 

0.285 

0.2843 

0.28427 

Inclination _ _ _ - - _ - _ 

47.77 

47.47 

47.48 

degrees 

Mean  anomaly  - 

00.00 

0.8 

0.754 

degrees 

Argument  of  perigee  _ - - - 

176.43 

177.5 

177.543 

degrees 

Motion  plus, _ _ - - 

1.20 

1.212 

1.2151 

deg/day 

R. A.  of  ascending  node  - - - _ 

217.22 

218.74 

218.742 

degrees 

Motion  minus-  _ - _ _ - 

1.28 

1.278 

1.2788 

deg/day 

Anomalistic  period  _ - - 

184.36 

185.09 

185.09 

minutes 

Height  of  perigee-  __  

1296 

1322 

1321.94 

km 

Height  of  apogee _ 

7407 

7439 

7438.59 

km 

Velocity  at  perigee - _ _ __ 

29408 

29353 

km/hr 

km/hr 

Velocity  at  apogee  _ _ 

16371 

16359 

Consultative  Committee  (CCIR).  In  particu- 
lar, the  CCIR  document  guiding  the  definition 
of  the  baseband-to-baseband  system  perform- 
ance was  Documents  of  the  IXth  Plenary 
Assembly,  Los  Angeles  1959,  Volume  I,  Rec- 
ommendations. 

Due  to  certain  pecularities  of  satellite 
systems  in  general  and  Project  Relay  in  par- 
ticular, some  exceptions  to  CCIR  recommen- 
dations were  necessary.  It  is  these  exceptions, 
primarily,  which  will  be  emphasized  in  the 
following  review  of  system  characteristics 
and  performance  objectives. 

System  Characteristics 

The  primary  characteristics  of  the  Relay 
communication  system  involve  the  type  of 
signals  to  be  transmitted,  along  with  their 
baseband  structure,  and  the  configuration  of 
the  link  over  which  the  transmission  occurs. 

Signal  Structure 

The  two  principal  types  of  signals  trans- 
mitted via  the  satellite  are  television  and 
multi-channel  telephony.  The  telephony 
transmissions  may  be  further  divided  into  a 
wideband,  300  channel,  one-way  mode  and 
two  narrowband,  12  channel,  two-way  mode. 

Television  transmission  consists  of  a 3 Me 
video  signal  accompanied  by  an  audio  chan- 


nel on  an  FM  subcarrier.  The  video  portion 
of  the  signal  conformed  to  the  525-line  char- 
acteristics specified  in  CCIR  Report  No.  126, 
except  for  the  reduction  in  baseband  width 
from  4 Me  to  3 Me.  The  peak-to-peak  RF 
carrier  deviation  at  the  ground  receiver  due 
to  the  picture  portion  of  the  signal  was  made 
9.6  Me  instead  of  the  5.6  Me  specified  by 
CCIR  Recommendation  No.  276  in  order  to 
make  maximal  use  of  the  threshold  reduction 
properties  of  modulation-following  demodu- 
lators. 

The  accompanying  sound  channel  differs 
in  several  respects  from  CCIR  Recommenda- 
tion No.  272.  The  subcarrier  on  which  the 
audio  is  transmitted  was  placed  at  4.5  Me 
in  the  baseband  instead  of  the  recommended 
7.5  Me.  Such  a change  was  necessary  in 
order  to  compress  the  total  RF  bandwidth 
so  that  a klystron  transmitter  could  be  em- 
ployed. Furthermore,  a reduced  baseband 
permits  carrier  demodulation  with  modula- 
tion-tracking receivers  of  reasonable  band- 
width. Also,  the  deviation  of  the  RF  carrier 
produced  by  the  unmodulated  subcarrier  was 
increased  from  ±300  kc  rms  to  2.7  Me  peak- 
to-peak.  This  insures  that  the  audio  subcar- 
rier discriminator  operates  above  threshold 
whenever  the  RF  demodulator  is  above 
threshold.  In  addition,  the  audio  3-db  band- 
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width  was  reduced  to  50-8000  eps  and  a 
standard  75  /x  sec  pre-emphasis  was  provided 
for  optional  use. 

The  multichannel  telephony  baseband 
structure  is  composed  of  either  two  separate 
groups  of  12  two-way  frequency  division 
multiplex  voice  channels  for  narrowband 
operation  or  300  one-way  frequency-division 
multiplex  voice  channels  for  wideband  oper- 
ation. The  baseband  interconnections  are 
made  in  accordance  with  CCIR  Recommenda- 
tion No.  269.  For  12  channel  operation,  basic 
group  A occupies  the  frequency  band  of  12- 
60  kc  and  basic  group  B the  band  from 
60-108  kc.  For  300  channels  the  baseband  is 
60-1300  kc.  In  order  to  make  maximal  use 
of  the  modulation-tracking  demodulator  in 
reducing  spacecraft  power,  greater  carrier 
deviations  were  required  than  those  specified 
in  CCIR  Recommendation  No.  274.  Table 
1-3  lists  the  deviations  used  for  Project  Re- 
lay. Pre-emphasis  was  used  in  accordance 
with  CCIR  Recommendation  No.  275. 

Link  Description 

The  up-link  portion  of  the  satellite  relay 
link  operates  at  1725  Me.  The  ground  trans- 
mitter has  an  output  power  capability  of  10 
kw  and  supplies  an  FM  signal  with  the  devia- 
tions listed  in  Table  1-3. 

The  satellite  transponder,  shown  in  Figure 
1-4,  receives  this  signal,  amplifies  and  triples 
it,  and  then  retransmits  it  to  the  ground  at 


Table  1-3. — Frequency  Deviations 


Television 

Peak-peak  deviation 

Up-link 

Down-link 

3.2  Me 
4.57  Me 
0-90  Me 
200  kc 

9.6  Me 
13.7  Me 

2.7  Me 
200  kc 

Video,  picture  plus  sync__  

Audio  subearrier  on  carrier - 

Audio  on  subcarrier 

Telephony 

RMS  deviation  per  channel 

Up-link 

Down-link 

300  Channels — _ - - 

225  kc 
105  kc 
29.6  kc 

673  kc 
314  kc 
88.8  kc 

12  Channels  (60-108  kc) - - - 

12  Channels  (12-^0  kc), - - 

4170  Me.  Simultaneous  reception  and  trans- 
mission from  two  different  ground  stations, 
as  required  in  two-way  telephony,  is  accom- 
plished in  the  transponder  with  two  narrow- 
band  channels  separated  by  3.333  Me  in 
center  frequency.  The  separation  was  accom- 
plished on  the  ground  with  one  terminal 
station  shifting  its  transmitting  frequency 
by  1.667  Me,  while  the  other  station  lowered 
its  frequency  by  an  equal  amount.  The  use 
of  separate  amplifying  channels  insures  that 
both  signals  enter  the  TWT  at  equal  power 
levels,  thereby  preventing  suppression  of  the 
weaker  channel.  Without  this  provision,  dif- 
ferences in  range  and  look  angle  between 
stations  would  make  it  necessary  to  program 
transmitter  power  to  equalize  the  received 
power  levels  at  the  spacecraft. 

The  frequency  tripler  in  the  spacecraft 
was  chosen  to  provide  a match  between  a 
high-power,  narrowband  ground  transmitter 
and  a lower-power,  wideband  spacecraft 
transmitter.  Overall  link  performance  is  de- 
termined by  the  critical  downlink,  where 
limited  transmitter  power  required  the  trad- 
ing of  bandwidth  for  power  through  high 
deviation  FM.  The  ground  transmitter,  on 
the  other  hand,  was  limited  by  the  band- 
width capability  of  its  klystron.  Deviation 
tripling  in  the  spacecraft  satisfied  both  con- 
straints. A necessary  consequence  of  the 
tripler  was  an  increase  in  the  up-link  noise 
contribution  by  a factor  of  (3) 2 = 9 over 
its  normal  value.  However,  unlike  typical 
microwave  links,  the  up-link  and  down-link 
were  not  equal  contributors  to  system  noise 
because  of  the  wide  disparity  in  received 
carrier-to-noise  density  ratio  at  the  space- 
craft and  ground  receivers.  Because  of  this 
disparity  the  up-link  noise  typically  contrib- 
uted less  than  1-2  db  to  the  total  even  though 
magnified  by  a factor  of  nine.  The  increase 
in  output  signal  was  9.55  db  so  that  the  total 
performance  quality  was  improved  by  7-9 
db  through  the  use  of  the  tripler. 

On  the  ground  the  incoming  signal  is  re- 
ceived at  4170  Me  and  demodulated  with 
either  a conventional  discriminator,  a wide- 
band phase-lock  demodulator,  or  an  FM 
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GROUND  STATION  RECEIVER 
-X 


BASEBAND  SIGNAL 
FROM  NARROWBAND 
GROUND  STATION  RECEIVER 


Figure  1-5. — Baseband  arrangement  for 
wideband  mode. 


Figure  1-6. — Baseband  arrangement  for 
narrowband  mode. 


feedback  demodulator.  Following  this  de- 
modulator is  the  baseband  equipment  shown 
in  Figures  1-5  and  1-6  for  the  wideband 
and  narrowband  modes,  respectively. 

System  Performance  Objectives 

The  performance  objectives  for  Relay  I 
communication  system  coincided  with  the 
recommended  CCIR  requirements  wherever 
possible.  In  some  instances,  however,  the 
CCIR  requirements  could  not  be  met  by  all 
ground  stations,  so  that  reduced  objectives 
applicable  to  these  stations  had  to  be  defined. 
Also,  for  the  television  audio  channel  it  was 
necessary  to  define  additional  objectives  to 
apply  to  parameters  not  covered  by  CCIR 
specifications. 

Television 

For  the  video  channel,  CCIR  Recommenda- 
tion No.  267  applied  with  two  exceptions: 
the  number  of  television  lines  and  the  signal- 
to-noise  ratio  for  continuous  random  noise. 
The  primary  transmission  for  Project  Relay 
was  525-line  television.  However,  due  to  the 
limited  spacecraft  transmitter  power  and  the 
resultant  difficulty  in  attaining  a wide  base- 
band with  comfortable  margins,  the  commu- 
nication link  baseband-to-baseband  was 
judged  adequate  for  the  525-line  signal  of 
Project  Relay  if  the  transmission  objectives 
for  the  405-line  system  were  met.  The  405- 
line  standard  for  required  video  signal-to- 
weighted-noise  ratio  could  not  be  achieved 
by  all  ground  stations  at  extreme  spacecraft 


range  and  7.5  degree  elevation  angle.  As  a 
consequence,  instead  of  50  db,  a 43  db  signal- 
to-weighted-noise  ratio  was  considered  ac- 
ceptable for  the  Relay  I experiment  for  these 
smaller  stations.  Provision  was  made  for  the 
optional  use  of  video  pre-emphasis  for 
experimentation.  When  used,  the  525-line 
pre-emphasis  characteristic  to  CCIR  Recom- 
mendation No.  277  applied. 

At  present  CCIR  has  no  specifications  for 
performance  of  the  television  sound  channel. 
However,  using  the  video  channel  require- 
ments of  CCIR  Recommendation  No.  267  as 
a guide,  reasonable  objectives  for  the  audio 
channel  were  established.  Between  the  audio- 
to-audio  interconnection  points  an  insertion 
gain  of  0 ±1  db  was  specified  with  allowable 
short  period  variations  of  ±0.3  db  and  me- 
dium period  variations  of  ±1.0  db.  The  mini- 
mum audio  signal -to -noise  ratio  without 
pre-emphasis  was  set  at  50  db  when  using  a 
9 dbmO  sinusoidal  test  tone  (100  percent 
modulation).  The  peak-to-peak  signal  to 
peak-to-peak  noise  was  specified  as  50  db  for 
periodic  noise,  while  for  impulsive  noise  it 
was  specified  as  25  db.  The  objective  for 
harmonic  distortion  with  modulation  indices 
between  0.25  and  1.0  was  2 percent  from 
100-5000  cps  and  3 percent  from  5000  to 
8000  cps. 

Multi-Channel  Telephony 

Considering  Project  Relay  an  initial  ex- 
periment in  satellite  communication,  and 
further  considering  spacecraft  power  limita- 
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tions  and  the  small  size  of  certain  ground 
installations,  CCIR  Recommendations  Nos. 
287  and  288  were  viewed  only  as  guides  to 
system  noise  objectives  for  telephony.  To 
accommodate  the  wide  disparity  in  ground 
receiver  capabilities,  a double  standard  was 
established  for  telephony  channel  quality. 
For  12-channel  operation,  the  thermal  noise 
objective  for  Andover,  Goonhilly,  and  Pleu- 
meur-Bodou  at  5000  nautical  miles  and  7.5 
degrees  elevation  was  7500  pw,  psophomet- 
rically  weighted,  measured  at  a point  of  zero 
relative  level.  For  the  remaining  stations  this 
objective  was  increased  to  50,000  (psoph) 
pw.  The  objective  for  300-channel  operation 
was  20,000  (psoph)  pw.  Total  intermodula- 
tion noise  in  any  telephone  channel  at  a point 
of  zero  relative  level  was  limited  to  7500 
(psoph)  pw  for  all  stations.  A summary  of 
the  total  telephony  noise  objectives  at  5000 
nautical  miles  and  7.5  degrees  elevation  is 
given  in  Table  1-4. 

COMMUNICATION  LINK  PERFORMANCE 
MARGINS 

The  expected  performance  of  the  commu- 
nication link  operating  between  the  various 
Relay  stations  will  now  be  evaluated.  This 
performance  is  determined  using  the  station 
parameters  listed  in  Table  1-1  at  the  extreme 
spacecraft  range  of  5000  nautical  miles  and 
an  elevation  of  7.5  degrees  above  the  horizon. 
It  is  assumed  that  each  station  employs  a 
frequency-following  demodulator  and  that 
the  threshold  of  this  receiver  occurs  at  a 


Table  1-4. — Telephony  Total  Noise  Objectives  at 
5000  Nautical  Mile  Range  and  7.6  Degree  Eleva- 
tion Angle 


Receiving 

station 

Number  of 
channels 

Total  noise  objective, 
psophometrically  weighted 
(picowatts) 

Andover 

12  Two-way 

15,000 

300  One-way 

27,500 

Goonhilly 

12  Two-way 

15,000 

300  One-way 

27,500 

Pleumeur-Bodou.  _ _ _ ■_  _ 

12  Two-way 

15,000 

300  One-way 

27,500 

Nutley — __  

12  Two-way 

57,500 

RiodeJaniero _ .... 

12  Two-way 

57,500 

Fueino 

12  Two-way 

57,500 

Table  1-5. — Television  Power  Budget 
Goonhilly  to  Andover 


Ground-spacecraft 

Spacecraft-ground 

Nominal 

+ 

- 

Nominal 

+ 

- 

Frequency,  Me 

1725 

4170 

Transmitter  power,  dbm 

70.0 

0.0 

0.0 

40.0 

0.7 

0.5 

Diplexer  and  cable  loss,  db._ 

0,5 

0.0 

0.0 

1.0 

0.0 

0.0 

Transmitter  antenna,  gain. 

db 

50.0 

0.5 

0.5 

0.0 

3.5 

12.0 

Space  loss,  db _ 

176.5 

0.0 

0.0 

184.2 

0.0 

0.0 

Ellipticity  loss,  db...- 

1.0 

0.0 

0.5 

1.0 

0.0 

0.5 

Receiver  antenna  gain,  db,_ . 

-1.0 

1.0 

6,0 

57.6 

0.5 

0.5 

Receiver  signal  power,  dbm. . 

-59.0 

2.0 

6.5 

-88.6 

5.2 

13.0 

Receiver  noise  density, 

dbm/Mc 

-100.0 

1.0 

0.5 

-122.4 

3.4 

0.0 

Up-link  noise  contribution, 

db._ 

4.3 

1.6 

3.5 

Receiver  noise  bandwidth, 

Me 

23 

24.3 

Total  receiver  noise  power, 

dbm.__ _ 

-86.4 

1.0 

0.5 

-104.2 

5.0 

3.5 

Predetection  S/N,  db_  

27.4 

2.5 

7.5 

15.6 

5.1 

18.0 

Threshold,  db 

12.0 

6.0 

Margin,  db 

15.4 

2.5 

7.5 

9.6 

5.1 

18.0 

Picture  quality:  51.9  db,  weighted* 

Audio  quality:  60.7  db 
Range:  5000  nautical  miles 
Elevation : 7 .5  degrees 
Frequency  deviation,  downlink 
Video:  9.6  Me  peak-peak,  picture  only 
Audio  subcarrier  on  carrier:  2.7  Me  peak-peak 
Audio  on  subcarrier:  200kc  peak-peak 
Noise  bandwidths 
Video:  3.0  Me 
Audio:  8.0  kc 


*CCIR  405 — line  weighting  factor  — 12.3  db. 

signal-to-noise  ratio  of  6 db  within  the  de- 
modulator noise  bandwidth  for  television  and 
7 db  for  telephony.* 

Television 

A power  budget  for  transmission  of  tele- 
vision from  Goonhilly  Downs,  England  to 
Andover,  Maine  is  shown  in  Table  1-5.  The 
signal  transmitter  from  the  ground  is  re- 
ceived at  the  spacecraft  at  a nominal  level 
of  — 59.0  dbm  with  a possible  variation  of 
8.5  db.  This  variation  is  due  primarily  to 
the  dependence  of  spacecraft  antenna  gain 
upon  the  radiation  look  angle  within  the 
“typical”  look  angle  extremes  of  20  degrees 
and  150  degrees  (and  can  range  from  — 7 
db  to  0 db).  The  noise  figure  of  the  trans- 
ponder is  14  db  so  that  the  spacecraft  noise 
density  is  —100.0  dbm/Mc  and  the  pre-detec- 

*Develet,  Jean  A.,  Coherent  FDM/FM  Telephony 
Communication,  Proceedings  of  IRE,  Volume  60, 
September  1962,  pp.  1957-1966. 
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tion  signal-to-noise  density  ratio  is  nominally 
41.0  db.  For  the  downlink  the  10  watt  trans- 
ponder output  arrives  at  the  ground  station 
antenna  terminals  at  a level  of  — 88.6  dbm, 
and  again  the  17.2  db  tolerance  is  due  mainly 
to  the  look  angle  of  the  spacecraft  antenna. 
In  clear  weather  the  total  system  noise  tem- 
perature of  the  Andover  station  is  42°K,  thus 
producing  a receiver  noise  density  of  — 122.4 
dbm/Mc.  In  addition  to  this  ground  station 
noise  there  is  an  uplink  contribution  from 
the  transponder  which  is  magnified  by  a fac- 
tor of  (3) 2 due  to  the  tripler.  The  total  noise 
density  at  the  ground  receiver  is  given  as 


*'=  1°  [x + 9 (fr)  (^)] + 10  los 

==  4.3  - 122.4  = —118.1  dbm/Mc 
where 

®v,  =z  Noise  power  density  due  to  the 
spacecraft  and  the  ground  re- 
ceiver, respectively,  dbm/Mc 
Sv,  Sg  = Signal  power  at  the  spacecraft 
and  ground  receiver,  respectively, 
dbm 

The  predetection  S/N  within  the  demodu- 
lator noise  bandwidth  of  24.3  Me  is  then  15.6 
db.  Threshold  of  the  demodulator  occurs  at 
approximately  6 db  so  that  the  nominal 
breaking  margin  for  the  entire  link  is  9.6  db. 

The  margin  tolerance  of  -j- 5.1  db  and 
— 18.0  db  indicates  the  large  variation  in 
link  performance  which  can  occur  from  pass 
to  pass.  For  those  revolutions  having  an- 
tenna look  angles  of  25  degrees  or  less,  the 
breaking  margin  at  5000  nautical  miles  is 
negative  and  reliable  communication  is  not 
always  possible. 

The  quality  of  the  television  transmission 
is  obtained  by  adding  the  CCIR  405-line 
weighting  factor  of  12.3  db  to  the  ratio  of 
peak -peak  picture  signal -to -mean  square 
noise.  This  ratio  is  given  by 


— TV  = 
N 


where 


B fU  S, 


"M1 +•(£)(*)] 


fpp  ~ Peak-peak  picture  signal  deviation 
fv  = Video  bandwidth 


With  a predetection  S/N  of  15.6  db  the 
weighted  video  S/N  is  51.9  db. 

The  audio  portion  of  the  signal  is  trans- 
mitted as  FM  on  a subcarrier.  Its  quality  is 
defined  as  the  full-load  average  tone  power- 
to-average  noise  power  ratio 


St 

N' 


<t>se  fla  $9 


4 fi%\i  + 9(^1 

(jMi 

L 1 s,l 

\ J 

where 

cf>sc  = Modulation  index  of  subcarrier 
fpa  = Peak  audio  deviation 
fa  = Audio  bandwidth 
The  nominal  audio  S/N  is  60.7  db. 

Table  1-6  lists  similarly  calculated  quali- 
ties and  margins  for  television  transmission 
between  each  of  the  Relay  participants.  In 
each  case  the  elevation  angle  is  7.5  degrees, 
but  for  the  smaller  stations  the  spacecraft 
range  has  been  reduced  from  5000  nautical 
miles  to  the  maximum  range  for  that  station. 


Telephony 

The  power  budget  for  12-channel  telephony 
transmission  from  Rio  to  the  Nutley  Ground 
Station  is  given  in  Table  1-7.  Ground  sta- 
tion received  signal  power  and  total  noise 
density  are  calculated  in  the  same  manner 
as  for  television  transmission  with  a change 
in  bandwidths  and  transponder  power  out- 
put for  the  narrowband  mode.  The  link 
margin  for  telephony  is  determined  by  both 
the  allowable  thermal  noise  limit  in  any 
channel  and  the  breaking  threshold  of  the 
demodulator,  since  both  typically  occur  at 
the  same  carrier-to-noise  ratio. 

For  the  Nutley  ground  station  the  thermal 
noise  requirement  for  the  worst  channel  is 
a maximum  of  50,000  psophometrically 
weighted  picowatts  referred  to  zero  relative 
level.  The  ratio  of  test  tone  to  psophomet- 
rically weighted  noise  power  in  the  top  chan- 
nel for  an  FDM/FM  system  is  given  by 

Stt  _ IQ0  25  Firms 

N • +(£)]« 

where 
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Table  1-6. — System  Performance  for  Television  Transmission 


Transmitting  station 

Receiving 

station 

Range 

nautical  miles 

Quality 

video 

weighted,  db 

Quality 

audio 

(db) 

Margin 

(db) 

Andover 

Goonhilly 

5000 

49.2 

58.0 

7.1 

Andover 

Pleumeuer-Bodou  — _ 

5000 

52.3 

61.1 

10.0 

Andover 

Fucino. 

3500 

41.7 

50.5 

—0.4 

Goonhilly 

Andover 

5000 

51.9 

60.7 

9.6 

Pleumeur-Bodou 

Andover 

5000 

52.3 

61.1 

10.0 

Nutley  Test__  

Nutley  Test 

3000 

42.0 

50.8 

—0.3 

Mojave 

Mojave - _ 

— 5* 

2500 

42.6 

51.4 

0.3 

NOTE: 

1.  The  margin  indicated  is  a breaking  margin  only,  not  a performance  margin. 

2.  Elevation  angle  is  7.5  degrees  above  horizon. 


Table  1-7. — Narrowband  Telephony  Power  Budget 
Rio  to  Nutley  Ground  Station 


! 

Ground-spacecraft 

Spacecraft-ground 

Nominal 

+ 

- 

Nominal 

+ | 

- 

Frequency,  Me 

1725 

4170 

j 

Transmitter  power, 

dbm 

70.0 

0.0 

0.0 

36.0 

0.5 

1.5 

Diplexer  and  cable  loss, 

db 

Transmitter  antenna 

0.5 

0.0 

0.0 

i.O 
0.0  ^ 

0.0 

0.0 

gain,  db ;■ 

40.2  1 

1.0 

1.0 

3.5 

12.0 

Space  loss,  db 

176.5 

0.0 

0.0 

184.2 

0.0 

0.0 

Ellipticity  loss,  db 

Receiver  antenna  gain,  j 

1,0 

0.0 

0.5 

1 

1.0 

0.0 

0.5 

db 

-1.0 

1.0 

6.0 

49.3 

0.8 

0.8 

Received  signal  power, 

dbm i 

Receiver  noise  density,  ! 

-68.8 

2.5 

7.0 

- 100.9 

5.3 

14.3 

dbm /Me 

-100.0 

1.0 

0.5 

-112.2 

0.7 

0.0 

Up-link  noise  contribu- 

tion, db 

0.4 

0.2 

^ 0.3 

Receiver  noise  band- 

width, Me 

2.3 

1.3 

Total  receiver  noise 

power,  dbm.  

-96.4 

1.0 

0.5 

-110.7 

0.9 

0.3 

Predetection  S/N,  db._ 

27.6 

3.0 

8.0 

9.8 

5.6 

15.2 

Threshold,  db 

12.0 

7.0 

Margin,  db. __  - 

15.6 

3.0 

8.0 

2.8 

5.6 

15.2 

Range:  5000  nautical  miles 

Elevation:  7.5  degrees 

Baseband  frequency  limits:  12-60  kc 

Down-link  frequency  deviation:  88.8  kc  RMS /channel  for  0 dbmO 
test  tone  at  800  cps 
CCIR/CCITT  pre-emphasis 

Thermal  noise  performance:  50,000  pw  (psoph)  per  channel  at  zero 
relative  level 


If  Farms  is  caused  by  a 0 dbmO  test  tone,  the 
noise  power  in  the  worst  channel  can  be 
expressed  in  psophometrically  weighted  pico- 
Watts  referred  to  zero  relative  level  as 

„ 81  Mfr) + (f )] x io“ 

io « / 

where  I is  the  improvement  factor  due  to  pre- 
emphasis.  From  this  expression,  the  relation 
between  received  carrier  power  and  worst 
channel  noise  power  is  obtained : 

fV2  M _ IQ028  Farms  / „ 

L Sv  + Sg\~  3.1  F2  x 1012  vw 

For  Group  A transmission  we  have  F2  = 60 
kc,  Farms  = 88.8  kc,  and  I = 2.4  as  given  by 
GSFC/STL  Document  No.  Rl-0000.  Sub- 
stituting these  values  into  the  above  equation 
with  NPW  — 50,000  we  find  the  threshold 
value  of  noise  density-to-carrier  power  ratio. 
This  is 

Hf)  + (f)L  = ^XlO-radVMc 
= —8.1  db/Mc 

Returning  to  the  power  budget  we  have 


F 


drms 


f2 

N 


RMS  deviation  due  to  a 800  cps 
test  tone 

Highest  channel  frequency,  cps 
Frequency  multiplication  in 
transponder 


10  log  [l  + 


(M 

\ Sv  1 

l <*>„  /J 

= —112.2  + 0.4  + 100.9 
= -10.9  db/Mc 


for  nominal  system  parameter  values.  The 
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nominal  performance  margin  is  thus  —8.1 
— (10.9)  = +2.8  db.  The  difference  between 
this  performance  margin  and  the  predetec- 
tion S/N  is  7.0  db,  the  demodulator  threshold. 
The  margin  is  thus  both  a performance  and 
a breaking  margin.  Note  that  it  is  possible 
in  bad  weather  on  a pass  with  an  unfavorable 
spacecraft  look  angle  to  be  as  much  as  12.4 
db  below  threshold. 


Table  1-8.— System  Performance  for  12  Channel 
Telephony , Group  A 


Transmitting 

station 

Receiving 

station 

Range! 
(am)  ! 

Thermal  noise 
pw  (psoph.  wtd.) 

Margin 

(db) 

Nutley 

Goonhilly. 

5000 

7,500 

1.9 

Nutley- - 

Rio 

5000 

50,000 

1.1 

Nutley 

Nutley— 

5000 

50,000 

2.1 

Goonhilly 

Nutley 

5000 

50,000 

50,000 

50,000 

2.7 

Goonhilly 

Rio 

5000 

1.5 

Rio-_---.  — -- 

Nutley- 

5000 

2.8 

Rio 

Goonhilly. 

5000 

7,500 

3.9 

Rio 

Fucino 

5000 

50,000 

3.7 

NOTES:  1.  The  margin  indicated  is  both  a performance  and  a breaking 
margin  except  for  Goonhilly  receiving,  which  is  performance  only. 

2.  Elevation  angle  is  7.5°  above  horizon. 


In  Table  1-8  the  expected  performance  for 
12  channel  Group  A transmission  for  each 
Relay  participant  is  presented.  Tables  1-9 
and  1-10  extend  the  performance  calcula- 
tions to  12  channel  Group  B and  300  channel 
modes,  respectively. 


Table  1-9. — System  Performance  for  12  Channel 
Telephony , Group  B 


Transmitting 

station 

Receiving 

station 

Range 

(nm) 

Thermal  noise 
pw  (psoph.  wtd.) 

Margin 

(db) 

Andover 

Goonhilly. 

5000 

7,500 

11.3 

Andover 

Pleuzneur- 

Bodou ! 

5000 

7,500 

15.1 

Andovpr 

Fucino 

5000 

50,000 

0.1 

Goonhilly 

Andovpr 

5000 

7,500 

| 

15.0 

Pleumeur- 

Bodou- 

Andover 

5000 

7,500 

15.1 

NOTES:  1.  The  margin  indicated  is  both  a performance  and  a breaking 
margin,  except  for  Fucino  which  is  breaking  only. 

2,  Elevation  angle  is  7.5°  above  horizon. 


Table  1-10. — System  Performance  for  300  Channel 
Telephony 


Transmitting  | 
station 

Receiving 

station 

Range 

(nm) 

Thermal  noise 
pw  (psoph.  wtd.) 

Margin 

(db) 

Andover 

Goonhilly 

5000 

18,750 

5.9 

Andover 

Pleumeur- 

Bodou 

5000 

18,750 

9.0 

Goonhilly ] 

Andover 

5000 

18,750 

9.0 

Pleumeur- 

Bodou 

Andover. 

5000 

18,750 

9.0 

NOTES:  1.  The  margin  indicated  is  both  a performance  and  a breaking 
margin. 

2.  Elevation  angle  is  7.5°  above  horizon. 
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The  Relay  Spacecraft 


INTRODUCTION 

Occasionally  the  horizon  of  man  is  bright- 
ened and  widened  by  the  contributions  of 
the  scientific  and  engineering  community. 
Communications  satellites,  when  peacefully 
used,  can  be  a boon  to  mankind  by  further- 
ing international  understanding  through 
greater  speed  and  capacity  of  transoceanic 
communications.  Relay  I and  her  sister  sat- 
ellites have  contributed  significantly  to  this 
end.  The  Telstars,  Syncoms,  and  Relays  have 
all  had  their  own  noteworthy  “firsts”  in 
communications  progress,  but  of  more  im- 
portance, they  have  laid  the  groundwork  for 
an  embryonic  technology.  Today  this  tech- 
nology is  “Thursday’s  Child” — it  has  far  to 
go.  With  intelligent  direction,  it  will  achieve 
the  desired  goals. 

The  credit  for  our  present  position  is  due 
to  many  governments,  companies  and  per- 
sons ; so  many  that  they  must  go  unnamed. 
To  each  of  them  we  sincerely  say — It  was  an 
honor  to  have  worked  by  your  side. 

GENERAL 

The  Relay  I spacecraft  was  built  for 
NASA/GSFC  by  the  Astro-Electronics  Divi- 
sion of  the  Radio  Corporation  of  America. 
After  contract  award  in  May  of  1961,  RCA 
embarked  upon  a six  week  study  phase  dur- 
ing which  time  changes  were  made  and  addi- 
tional details  were  resolved  between  RCA 
and  GSFC.  The  process  of  building,  testing, 


redesign,  and  retesting  followed.  In  Decem- 
ber 1962  this  effort  was  culminated  in  the 
successful  launch  of  the  final  design — Relay 
I.  Figure  2-1  illustrates  that  awesome  mo- 
ment of  truth  that  we  had  worked  for  so 
long,  when  no  further  redesign  was  possible. 
The  details  of  this  story  are  told  in  other 
chapters  in  Part  I. 


Figure  2-1. — Delta  15  launch. 


21 


22  RELAY  I— PART  I 


THE  SPACECRAFT 
Structure 

The  size  of  the  envelope  of  the  spacecraft 
was  dictated  by  the  low  drag  nose  fairing 
of  the  Delta  launch  vehicle.  This  has  re- 
sulted in  an  eight  sided  prism  with  a maxi- 
mum diameter  of  29  inches  and  a height  of 
19  inches,  topped  by  an  octagonal  truncated 
pyramid  16  inches  high.  The  18  inch  long, 
mast-like  structure  mounted  on  its  narrow 
end  is  the  transmitting  and  receiving  an- 
tenna assembly  for  the  microwave  commu- 
nications experiments.  A photograph  of  the 
spacecraft  and  a cutaway  drawing  detailing 
the  various  subsystems  are  shown  in  Figures 
2-2  and  2-3.  The  structure  is  fabricated  of 


riveted  sections  of  lightweight  aluminum 
channels.  Panels  for  support  of  the  solar 
cells  are  epoxy-bonded,  aluminum-honeycomb 
construction.  Attachment  to  the  launch  vehi- 
cle third  stage  is  by  means  of  a machined 
aluminum  attachment  ring. 

Power  Subsystem 

The  power  supply  consists  of  a solar  cell 
array,  hermetically  sealed  nickel-cadmium 
storage  batteries,  charge -controlling  elec- 
tronics, and  a 1-year  timing  device.  The 
solar  cells  are  boron-doped  silicon  cells,  P/N, 
gridded  and  covered  with  60  mil  thick  fused 
sheets.  The  cover  sheets  provide  protection 
from  energetic  particles  in  space.  Every 
possible  square  inch  of  the  spacecraft  ex- 


Figure  2-2.— The  Relay  spacecraft. 
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1 * WIDE-BAND  ANTENNA 

2.  SOLAR  PANELS 

3 . TELEMETRY  TRANSMITTERS 

4.  BATTERY  CHARGE  CONTROLLER 

5.  BATTERY  BOX 

6.  RADIATION  DAMAGE  PANEL 

7.  SOLAR  ASPECT  INDICATOR  & 

HORIZON  SCANNER 

8.  COMMAND  CONTROL 

9.  RADIATION  DETECTOR 

10.  RADIATION  MONITOR  (HIDDEN) 

11.  TT&C  ANTENNA 

12.  THERMAL  CONTROLLER 

13.  TWT  POWER  SUPPLY  (HIDDEN) 

14.  HEAT  CONTROLLER 

15.  COMMAND  RECEIVERS 

16.  BATTERY  BOX 

17.  WIDE-BAND  RECEIVERS 

18.  COMMAND  DECODERS 

19.  TRAVELING  WAVE  TUBE 


Figure  2-3.— Cutaway  drawing  of  Relay  spacecraft. 


terior  is  covered  with  solar  cells  to  provide 
the  power  necessary  for  operating  the  space- 
craft. When  the  communications  system  is 
in  operation,  the  power  requirement  is  about 
120  watts.  Under  typical  operating  condi- 
tions, the  solar  array  is  capable  of  generat- 
ing an  average  power  of  40  watts.  The 
remaining  power  is  provided  by  a 250  watt- 
hour  storage  battery.  Battery  depth  of 
discharge  is  not  permitted  to  exceed  50 
percent  except  during  special  experiments 
with  the  spacecraft. 

Telemetry,  Tracking  and  Command  Equipment 

The  telemetry,  tracking  and  command  sub- 
system provides  three  basic  functions  in  the 
spacecraft : 

1.  A VHF  cw  signal,  from  which  the  Mini- 
track stations  provide  orbital  data. 

2.  Telemetry  of  performance  data  from 
the  communication  system  and  the  radiation 
experiments. 

3.  A command  system,  which  receives  the 
commands  and  converts  them  into  a desired 
switching  function. 

The  telemetry  transmitters  can  be  switched 
on  and  off  by  means  of  the  command  system. 


Operationally,  one  of  the  transmitters  is  left 
on  continuously  to  provide  the  tracking  sig- 
nal. The  Minitrack  ground  stations  utilize 
this  signal  to  track  the  satellite  and  provide 
orbital  measurements.  The  alternate  trans- 
mitter is  commanded  on  when  telemetry  or 
horizon  scanner  data  are  desired.  A modu- 
lation switch  selects  the  transmitters  to  be 
modulated  and  the  source  of  modulation 
(telemetry  encoder  or  horizon  scanner  sub- 
carrier oscillator).  This  switch  is  under  the 
control  of  the  command  system. 

The  transmitters  are  crystal  controlled, 
solid  state,  and  are  phase-shift  keyed  by  the 
modulating  signals.  In  the  event  of  a failure 
of  one  transmitter  the  other  would  provide 
both  tracking  and  telemetry  signals. 

The  telemetry  encoder  accepts  digital, 
high  and  low  level  analog  data  inputs  for 
conversion  to  a PCM  format  for  transmis- 
sion. The  main  commutator  provides  128 
channels  which  are  sampled  each  second. 
Two  subcommutators  are  provided,  one,  a 
32  channel  unit  and  the  other,  a 64  channel 
subcommutator.  Three  of  the  main  channels 
are  used  for  frame  synchronization. 

The  command  system  consists  of  a redun- 
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dant  set  of  command  receivers,  subcarrier 
demodulators,  and  decoders.  A pulse  width- 
modulated  subcarrier  is  transmitted  via  a 
VHF  carrier  to  the  command  receivers  which 
demodulate  the  carrier  and  send  the  sub- 
carrier  to  the  subcarrier  demodulators  where 
the  pulse  code  is  reconstituted.  The  code 
output  is  then  fed  to  both  decoders  through 
a cross  coupling  network  in  such  a fashion 
that  either  demodulator  can  activate  either 
decoder.  Thus,  in  the  event  of  failure  of  re- 
ceiver No.  1,  subcarrier  demodulator  No.  1, 
and  decoder  No.  2,  the  command  system  will 
still  function.  The  decoder  uses  a magnetic 
core  shift  register  to  transform  the  pulse 
code  into  a command  signal.  The  command 
signals  from  the  two  decoders  are  “paral- 
leled” so  that  either  or  both  decoders  can 
activate  the  control  function.  Twenty  sepa- 
rate commands  are  provided  to  switch  the 
spacecraft  into  its  various  modes  of  opera- 
tion. 

The  VHF  antenna  comprises  four  mono- 
poles extending  out  from  the  separation  ring 
face  of  the  spacecraft.  For  command  recep- 
tion, the  antennas  are  fed  in  phase  to  produce 
a dipole-like  pattern.  For  telemetry  and 
tracking  transmission,  the  monopoles  are 
fed  in  phase  quadrature  to  produce  a circu- 
larly polarized  wave  in  the  plane  perpendicu- 
lar to  the  spin  axis.  A diplexer  harness  is 
used  to  couple  the  two  receivers  and  two 
transmitters  to  the  antennas. 

Microwave  Communication  Equipment 

The  purpose  of  this  system  is  to  provide 
an  experimental  repeater  suitable  for  trans- 
mission of  one  TV  signal  (plus  its  sound 
channel)  or  600  one-way  voice  channels  ; or 
of  high-speed  data,  facsimile,  or  teletype 
traffic  with  bandwidths  of  up  to  4 mega- 
cycles. Two-way  telephony  transmission  tests 
through  the  repeater  can  be  made,  using  12 
channels  in  each  direction.  (This  number  is 
determined  by  the  available  ground-station 
equipment,  rather  than  a limitation  of  the 
satellite  repeater,  which  can  handle  several 
times  this  number.) 

Two  completely  independent  microwave 


repeaters  (except  for  the  common  antenna) 
are  provided  for  increased  reliability.  Either 
one  may  be  selected  for  operation  by  ground 
command. 

The  basic  performance  requirements  of  the 
satellite  repeaters  are  similar  to  those  used 
for  conventional  ground-based  microwave 
links,  so  far  as  power  output,  bandwidth, 
gain,  noise  figure,  and  intermodulation  are 
concerned.  There  are  radical  differences, 
however,  in  the  size,  weight,  and  power 
drain. 

The  system  parameters  were  initially 
chosen  to  meet  international  (CCIR)  stand- 
ards (for  a 2500-km  reference  circuit)  be- 
tween Europe  and  the  United  States.  The 
sound  channel  is  transmitted  by  frequency- 
modulating  a 4.5-Mc  subcarrier,  which  is 
added  to  the  video  signal,  and  the  combina- 
tion is  then  used  to  frequency-modulate  the 
ground  transmitter. 

The  satellite  transmitter  output  power  of 
10  watts  gives  a margin  of  at  least  6 db  for 
TV  transmission  over  a maximum  slant 
range  of  5000  nautical  miles. 

The  receiver  is  completely  solid  state, 
using  separate  crystal-controlled  transistor 
oscillators  and  varactor  multipliers  for  both 
the  input  and  output  oscillator  sources.  In- 
corporated in  the  repeater  is  a microwave 
beacon  which  is  used  for  tracking  by  the 
ground  communications  stations.  The  beacon 
is  a completely  self-contained  unit  with  a 
crystal-controlled  transistor  oscillator  and 
varactor  multipliers.  The  receiver  and  bea- 
con outputs  are  combined  and  fed  to  a travel- 
ing wave  tube  for  amplification  to  10  watts 
power  output.  The  microwave  beacon  signal 
at  4080  megacycles,  as  amplified  by  the 
traveling  wave  tube,  has  a radiated  power 
out  of  the  antenna  of  more  than  100  milli- 
watts. 

The  traveling  wave  tube  has  been  designed 
for  long  life,  light  weight,  and  high  efficiency. 
A solid-state  dc-dc  converter  is  used  to  raise 
the  22.5  volts  regulated  input  to  the  high 
voltages  needed  by  the  traveling  wave  tube. 

The  microwave  antenna  receives  at  1725 
Me  and  transmits  at  4170  Me.  It  is  contained 
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in  one  mechanical  assembly,  consisting  of  a 
coaxial  receiving  antenna  above  a coaxial 
transmitting  antenna.  The  whole  assembly 
is  located  on  top  of  the  spacecraft,  coincident 
with  the  spin  axis.  Both  antennas  are  cir- 
cularly polarized  but  of  opposite  sense.  Ver- 
tical coverage  extends  from  40  to  115  degrees 
( — 1 db  points). 

Figure  2-4  shows  the  general  configuration 
of  the  Relay  communications  transponder. 
The  incoming  1725  Me  signal  is  translated 
to  a 70  Me  intermediate  frequency  where 
most  of  the  amplification  is  accomplished, 
frequency  tripled,  and  then  translated  up  to 
4170  Me  for  power  amplification  and  re- 
transmission. 

The  reasons  for  tripling  the  signal  are  that 
with  10  watts  RF  power  output,  the  required 
bandwidth  for  the  spacecraft-to-ground  link 
is  25  Me.  Available  high  power  klystron 
amplifiers  with  25  Me  bandwidths  were  not 
available  for  the  ground-to-spacecraft  link 
during  the  time  schedule  required  for  the 
Relay  Project.  The  required  down-link  de- 
viation was  divided  by  three,  which  yielded 
a 14  Me  bandwidth  occupancy  for  the  up-link 
signal.  This  was  an  achievable  bandwidth 
for  the  state  of  the  klystron  art  at  that  time. 

Two  modes  of  operation  are  available  with 
the  transponder.  The  first  mode  or  wide- 
band mode,  as  it  is  called,  is  utilized  for 
one-way  wideband  communications  such  as 
television  or  300  channels  of  telephony. 

The  second  mode  available  is  called  the 
narrowband  mode.  This  is  utilized  for  two- 
way  narrowband  communications  such  as  12 


WIDE-BAND  RECEIVER.  BLOCK  DIAGRAM 


Figure  2-4. — Wideband  receiver  block  diagram. 


channel  two-way  telephony.  In  the  narrow- 
band  mode,  two  ground  stations  communi- 
cate with  each  other,  one  transmitting  on 
1723.33  Me,  the  other  transmitting  on 
1726.67  Me.  The  spacecraft  transponder 
converts  these  frequencies  to  4165  Me  and 
4175  Me  respectively. 

In  the  two-way  telephony  mode,  the  incom- 
ing signals  from  two  communicating  ground 
stations  are  separated  after  intermediate 
frequency  amplification  and  then  clipped  to 
the  same  level  by  hard  limiting.  The  devia- 
tion is  tripled,  and  the  two  signals  enter  the 
TWT  at  the  same  level.  This  prevents  sup- 
pression of  the  weaker  signal  by  the  stronger 
one.  This  is  especially  important  when  the 
spacecraft  is  much  closer  to  one  of  the  ground 
stations  than  to  the  other,  and  the  antenna 
look  angles  to  both  stations  are  sufficiently 
different  so  that  even  controlling  the  trans- 
mitted power  at  the  ground  stations  would 
not  equalize  the  received  power  levels.  This 
feature  of  the  transponder  has  been  highly 
successful  in  operations  conducted  with  Re- 
lay I. 

Two  approaches  were  investigated  for  the 
tripler  design,  one  using  varactors,  the  other 
using  transistors.  The  advantage  of  a var- 
actor design,  that  no  dc  input  power  is  re- 
quired, was  offset  by  the  disadvantage  of  an 
extremely  difficult  tuning  procedure,  and  that 
the  units  were  not  easily  reproducible.  The 
varactor  design  was  used  during  the  proto- 
type period  but  was  then  abandoned  in  favor 
of  the  transistor  version  which  was  much 
easier  to  tune  and  reproduce. 

The  IF  amplifier  design  proved  to  be  more 
difficult  than  originally  anticipated.  The  first 
design  utilized  triple-stagger-tuned  stages 
which  were  necessary  to  achieve  the  required 
bandwidth.  During  electrical  testing,  how- 
ever, it  was  found  that  the  crosstalk  for 
multichannel  telephony  was  excessive.  This 
was  caused  by  AM  to  PM  conversion  on  the 
passband  skirts  of  the  individual  stages. 
The  solution  to  this  problem  was  to  build  a 
broadband  video  amplifier  and  then  limit  the 
bandwidth  with  a passive  70  Me  bandpass 
filter.  Performance  of  this  design  was  most 
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satisfactory,  and  it  was  selected  for  use. 

The  traveling  wave  tube  development  was 
well  under  way  when  short  term  (millisec- 
ond) fluctuations  were  noticed  in  the  power 
output  of  some  of  the  tubes  when  they  were 
operated  in  vacuum.  Also  there  was  an  occa- 
sional helix  current  runaway  on  a tube  in 
vacuum;  the  tubes  operated  in  a normal 
manner  at  atmospheric  pressure.  Yet  the 
vacuum  anomalies  were  not  repeatable.  At 
first  the  power  fluctuations  were  thought  to 
be  defective  RF  cables  leading  to  the  vacuum 
chamber.  At  times  it  appeared  that  tighten- 
ing the  connectors  cured  the  problem.  Helix 
current  runaway  also  was  not  always  re- 
peatable. At  this  point  a very  serious  design 
problem  was  evident.  The  TWT  design  would 
work  at  sea  level  conditions  but  not  in  the 
high  vacuum  of  space.  Innumerable  design 
modifications  were  tried;  some  seemed  to 
work  temporarily  and  then  when  the  prob- 
lems appeared  to  be  solved,  they  reappeared. 
This  caused  delays  in  the  launch  schedule 
and  it  was  finally  decided  to  seal  the  TWT 
in  a container  pressurized  at  one  atmosphere. 
The  pressurized  TWT  models  would  be  used 
in  the  first  flight  spacecraft,  and  the  problem 
would  be  further  pursued  in  hopes  of  pro- 
ducing an  unpressurized  TWT  for  the  re- 
maining two  spacecraft.  This  was  done,  and 
the  presently  orbiting  Relay  spacecraft  con- 
tains pressurized  tubes.  These  are  function- 
ing normally  and  have  shown  no  indication 
of  instability. 

The  continuing  design  effort  on  the  TWT 
has  finally  yielded  a design  that  will  perform 
just  as  well  in  vacuum  as  in  air.  Helix  cur- 
rent runaway  was  found  to  be  caused  by 
insufficient  thermal  sinking  of  the  helix.  In 
air,  there  was  enough  convection  cooling  of 
the  helix  area  of  the  bulb  that  runaway  did 
not  take  place.  The  thermal  design  was 
modified  to  provide  adequate  removal  of  heat 
from  the  helix. 

The  resolution  of  the  power  fluctuation 
problem  was  simple  but  took  many  months 
to  perfect.  The  potential  difference  between 
the  helix  and  collector  is  about  1000  volts, 
which  creates  a region  of  high  electrical  field 


in  this  area  of  the  bulb.  Local  outgassing 
was  ionized  by  the  field  and  would  occasion- 
ally break  down,  momentarily  reducing 
power  output.  The  answer  to  this  problem 
was  to  apply  thin  lines  of  silver  paint  directly 
on  the  exterior  of  the  bulb  between  the  area 
of  the  end  of  the  helix  and  the  beginning  of 
the  collector.  The  lines  were  electrically 
connected  to  the  collector.  They  served  to 
provide  a low  impedance  leakage  path  which 
eliminated  the  high  field  in  this  area.  This 
design  has  performed  very  well  in  all  tests 
and  will  be  used  in  the  next  Relay  spacecraft. 

Radiation  Experiments 

In  addition  to  the  communications  repeat- 
ers and  other  subsystems  needed  to  support 
the  principal  mission  of  Relay,  the  spacecraft 
carries  a group  of  components  to  obtain  data 
on  particle  radiation  in  space.  These  consist 
of  six  radiation  detectors  and  a collection  of 
isolated  solar  cells  and  semi-conductor  diodes. 
The  latter  are  accumulated  on  a “radiation 
damage  effects”  panel. 

The  radiation  detectors  are  included  to 
monitor  proton  and  electron  spectra  by  meas- 
uring flux  density  in  various  domains  of  in- 
tensity levels.  Two  of  them  are  scintillation 
counters ; four  are  PN  junctions.  One  of  the 
detectors  is  omnidirectional;  the  others  are 
restricted  to  a small  solid  angle  and  are 
gated  by  an  on-board  magnetometer  to  meas- 
ure only  that  flux  normal  to  the  earth’s  mag- 
netic field.  Accumulators  in  the  telemetry 
encoder  count  and  store  the  detectors’  out- 
puts. One  hundred  of  the  128  telemetry 
channels  are  reserved  for  high-speed  meas- 
urements of  the  outputs  of  the  short-circuited 
cells.  Thirty  specially  selected  solar  cells 
make  up  the  radiation  damage  panel.  Effects 
of  radiation  are  observed  by  measuring  short 
circuit  current.  The  radiation  damage  panel 
contains,  in  addition  to  the  solar  cells,  six 
selected  diodes  that  are  used  to  measure 
minority-carrier  lifetime  as  affected  by  radi- 
ation. 

Miscellaneous  Equipment 

In  order  to  reduce  the  limits  of  tempera- 
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ture  variation  in  the  spacecraft,  a thermally 
controlled  radial  vane  assembly  is  located 
in  the  base  of  the  spacecraft.  It  is  operated 
by  a temperature  sensor  connected  to  the 
battery  assembly.  When  the  batteries  are 
warm  the  vanes  open;  as  the  battery  tem- 
perature decreases  the  vanes  close.  In  this 
manner  the  thermal  radiation  coupling  to 
space  is  varied.  This  simple  form  of  active 
temperature  control  reduces  the  mean  space- 
craft variation  5 degrees  centigrade  at  each 
end  of  the  range,  providing  operating  limits 
of  0°C  to  +25°C. 

Solar  aspect  and  horizon  transit  time  are 
measured  by  detectors  located  in  the  space- 
craft. The  data  are  telemetered,  and  space- 
craft spin  axis  attitude  is  computed  on  the 
ground.  If  necessary,  commands  can  be  sent 
to  tilt  the  spin  axis  to  a desired  orientation 
by  applying  a current  to  the  magnetic 
torquing  coil. 

Relay  Ground  Facilities 

Relay  ground  facilities  include  stations  for 
communications  experiments,  test  stations 
for  checking  out  the  satellite  in  advance  of 
performing  communications  experiments  and 
commanding  transponders  on  and  off,  and 
the  NASA  Minitrack  network  for  tracking 
and  acquiring  data  from  the  spacecraft. 

The  ground  stations  that  conduct  experi- 
ments in  intercontinental  and  transoceanic 
communications  are  located  at : Goonhilly 
Downs,  England ; Pleumeur-Bodou,  Britanny, 
France;  Fucino,  Italy;  Rio  de  Janeiro,  Bra- 
zil; and  in  the  United  States  at  Andover, 
Maine;  and  Nutley,  New  Jersey. 

The  test  stations  check  out  the  Relay  sat- 
ellite, including  operation  of  the  communica- 


tions transponder,  prior  to  the  start  of 
communications  experiments.  They  select 
the  transponder  and  the  mode  for  the  type 
of  transmissions  scheduled,  and  turn  the 
transponder  off  when  the  experiment  is  con- 
cluded. If  the  satellite  is  out  of  range  of  the 
test  station,  an  automatic  timer  will  turn 
the  equipment  off  two  minutes  after  space- 
craft illumination  ceases,  to  conserve  the 
satellite’s  power  supply.  The  test  stations 
are  located  at  Nutley,  New  Jersey  and  Mo- 
jave, California. 

NASA’s  world-wide  Minitrack  network 
periodically  tracks  the  satellite  and  acquires 
data  on  performance  and  condition  of  equip- 
ment and  on  radiation  levels  in  space. 

All  stations  transmit  information  for 
processing  and  dissemination  to  NASA’s 
Goddard  Space  Flight  Center,  Greenbelt, 
Maryland. 

SUMMARY 

We  have  thus  seen  the  Relay  spacecraft 
as  an  integrated  system,  comprising  major 
interrelated  subsystems  including : struc- 

ture ; power ; communications ; telemetry, 
tracking  and  command.  A short  description 
of  the  radiation  experiments  carried  on 
board  has  also  been  given. 

Chapters  that  follow  will  provide  details 
of  the  subsystems  described. 

It  is  gratifying  to  note  that  solutions  to 
the  design  problems  encountered  has  resulted 
in  a spacecraft  system  which ‘has  been  in 
active  operation  for  almost  two  years  and 
gives  every  sign  of  continuing  indefinitely. 

Author.  This  chapter  was  contributed  by 
R.  H.  Pickard,  NASA/Goddard  Space  Flight 
Center,  Greenbelt , Maryland,  U.S.A. 


Chapter  3 


Structural  and  Dynamic  Considerations 
in  the  Spacecraft  Design 


INTRODUCTION 

The  size,  weight,  and  shape  of  the  Relay  I 
spacecraft  were  controlled  by  factors  and 
constraints  resulting  from  analysis  of  mis- 
sion requirements  and  project  specifications. 
In  particular,  the  relevant  parameters  in- 
cluded a weight  limit  imposed  by  the  re- 
quired altitude  and  the  capacity  of  the  launch 
vehicle,  stabilization  by  spin  momentum  with 
its  corollary  limit  on  inertia  distribution, 
and  the  surface  area  needed  for  solar  power. 
The  final  configuration  accommodated  these 
requirements.  The  use  of  a shroud  of  fixed 
dimensions  led  to  extensive  topological  con- 
siderations to  satisfy  the  maximized  surface 
area  and  the  inertia  ratio  necessary  for  spin 
stabilization.  Other  general  specifications 
included  relatively  severe  vibration  testing, 
especially  the  10.7  g sine  wave  input  in  the 
50-500  cps  range,  the  axial,  transverse,  and 
torsional  loads  from  the  booster,  and  the 
eccentricity  and  dynamic  balance  limits. 
Adequate  strength  and  stiffness  were  pro- 
vided to  meet  these  loads  within  the  con- 
straints of  an  ultra-light  structural  design. 
The  structural  weight  target  was  10  percent 
of  the  spacecraft  total. 

During  qualification  testing  it  was  found 
that  the  wideband  receiver  and  the  telemetry 
encoder  experienced  vibrational  forces  which 
these  components  could  not  withstand.  A 
unique  coulomb  damper  was  developed  which 


reduced  the  forces  applied  to  levels  compat- 
ible with  the  capabilities  of  these  compo- 
nents. The  development  of  the  damper  is 
described  in  detail  on  page  39. 

CONFIGURATION 

The  configuration  of  the  Relay  I space- 
craft (see  Figures  3-1  and  2-3)  had  to 
satisfy  the  following  primary  conditions: 
(1)  spin  stabilization,  (2)  compatibility  with 
an  existing  fairing,  and  (3)  maximized  sur- 
face area.  The  first  condition,  basic  control 
of  spin  axis  attitude  in  inertial  space,  re- 
quired the  mass  distribution  to  be  that  of  a 
disc,  regardless  of  the  external  shape  of  the 
payload.  Dynamically,  the  ratio  of  the  mass 
moment  of  inertia  about  any  transverse  axis 
to  the  maximum  inertia  about  the  spin  axis 
must  be  less  than  one;  that  is,  ItraDB/Ism 
< 1,  or  /trims  < /«pta.  Control  of  this  param- 
eter was  a stringent  requirement  since  any 
unbalanced  moment  at  separation  or  dynamic 
unbalance  would  eventually  lead  to  tumbling, 
preventing  the  necessary  orientation  of  the 
directional  antennas. 

Achieving  a component  arrangement  that 
would  result  in  the  required  inertia  condition 
was  a major  problem  because  of  the  limita- 
tion of  the  second  condition ; that  is,  the  max- 
imum diameter  of  the  fairing  was  fixed. 
After  calculating  the  inertia  ratios  for  sev- 
eral layouts,  it  was  found  that  the  required 
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Figure  3-1. — The  Relay  spacecraft. 


inertia  condition  was  achieved  by  a basic 
cruciform  structure  of  four  vertical  elements 
supporting  most  of  the  components  and  an 
equatorial  belt  or  ring  formed  by  the  four 
heaviest  components  (see  Figure  3-2).  The 
combined  weight  of  the  two  battery  packs, 
the  wide-band  receiver,  and  the  telemetry 
encoder  was  approximately  50  pounds.  Each 
of  these  components  was  mounted  in  or  on 
beam  structures  which  bridged  two  adjacent 
cruciform  elements  to  form  the  equatorial 
ring.  Longitudinally,  these  assemblies  were 
placed  in  the  plane  of  the  center-of -gravity. 

Since  the  final  weight  and  center-of -grav- 
ity location  of  the  individual  components 
were  uncertain,  it  was  decided  that  the 
ft™™ //spin  inertia  ratio  should  not  exceed  a 
design  goal  of  0.95.  This  5-percent  margin 
was  arbitrarily  allowed  to  ensure  that  the 
theoretical  limit  for  the  inertia  ratio  (1.00) 
would  not  be  exceeded.  A bifilar  pendulum 
with  a demonstrated  accuracy  of  0.3  percent 
minimum  was  utilized  to  measure  the  inertia 
ratio  of  Relay  I.  'The  measured  value  for 


Figure  3-2. — Structure  of  Relay  spacecraft. 


/trans  //spin  was  0.963.  The  high  accuracy  and 
consistency  of  the  pendulum  measurements 
gave  confidence  in  this  value. 

The  third  primary  condition,  that  of  max- 
imized surface  area,  was  defined  as  a max- 
imum in  terms  of  the  surface  area  for 
mounting  silicon  solar  cells  to  support  a 
given  power  requirement,  but  not  necessarily 
in  terms  of  total  area.  Relay  I was  not 
basically  a power-limited  design ; that  is,  the 
balance  of  limitations  was  well  established 
among  such  items  as  power,  temperature-rise 
of  the  traveling  wave  tube,  altitude,  weight, 
and  mutual-visibility  time.  However,  power 
duty-cycle  requirements  necessitated  exten- 
sive design  attempts  to  attain  sufficient  solar- 
cell mounting  area  within  the  fixed  values  of 
diameter  and  inertia  ratio.  Finally,  the  geo- 
metric and  electrical  arrangement  of  the 
solar  cells  was  established  and  this  criterion 
determined  the  number  of  panels,  (eight), 
and  the  panel  length  necessary  to  provide 
the  required  solar-array  area.  Later  it  was 
found  that  a slight  increase  of  solar-array 
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area  could  be  provided  by  extending  the 
length  of  the  solar  array  panels.  This  did  not 
violate  the  dynamic  stability  criterion  of  the 
limiting  inertia  ratio. 

The  final  configuration  was  an  eight-sided 
polyhedron  consisting  of  a short  cylindrical 
section  surmounted  by  a truncated  conical 
section  (see  Figure  3-1).  The  essentially 
cylindrical  wideband  antenna  was  mounted 
at  the  top  of  the  spacecraft  (as  viewed  in 
the  launching  position)  co-linearly  with  the 
spin  axis.  The  four  narrowband  antennas 
were  attached  to  a collar  just  above  the  sep- 
aration ring  and  projected  downward  at  an 
angle  of  45  degrees  to  the  axis.  The  ends  of 
the  polyhedron  were  closed  with  Mylar  sheets 
painted  for  proper  thermal  emissivity  and  at- 
tached by  nylon  zippers.  The  planned  in- 
orbit  orientation  of  the  spacecraft  was  such 
that  the  heat  to  be  dissipated  could  be  radi- 
ated to  outer  space  through  the  lower  (larg- 
er) end.  To  reduce  the  range  of  temperature 
fluctuation  within  the  spacecraft,  an  adjust- 
able-vane heat  controller  was  installed  just 
above  this  lower  closure. 

LOAD  ANALYSIS 

The  basic  load-carrying  structure  was  a 
vertical,  four-element  truss  (see  Figure  3-3).. 
The  majority  of  the  component  boxes  were 
bolted  to  this  truss  or  frame.  Tubular  rings 
encircling  the  truss  were  attached  at  the 
upper  and  lower  corners  of  each  quarter- 
frame  to  position  the  frames  and  to  provide 
support  for  other  components.  The  eight 
solor  panels  were  attached  in  tension  to  the 
upper  ring,  the  attachments  between  the 
panels  and  the  lower  ring  being  designed  to 
support  lateral  loads  only.  This  arrangement 
was  designed  to  avoid  column  loading  in  the 
panel  substrate.  A bending  moment  was 
developed  in  the  panel  due  to  the  geometric 
impossibility  of  reacting  the  load  vector 
through  the  vertical  centroid  of  the  substrate. 
One  panel  supporting  a sensor  and  four  other 
panels  containing  irregular  holes  unsymmet- 
rically  located,  contributed  to  the  lack  of 
symmetry  in  load  distribution.  Other  com- 
ponents, such  as  the  precession  damper,  atti- 


Figure  3-3. — Basic  load  carrying  structure. 


tude  coil,  lower  collar,  and  antennas,  were 
mounted  as  functional  requirements  dictated. 
Essentially  all  loads  were  supported  by  the 
frame  as  shear  loading  into  the  flanges,  and 
compression  in  the  webs  of  the  members 
above  H,  H',  J and  J'  (see  Figure  3-4).  The 
latter  four  members  then  supported  the  total 
load  in  compression  and  shear  from  the  sep- 
aration ring  and  the  third-stage  interface. 

The  vibratory  forces  required  by  the  spe- 
cified qualification  tests  defined  the  most 
severe  stresses  the  structure  would  have  to 
withstand.  Evaluation  of  the  effects  of  these 
required  inputs  in  conjunction  with  the  con- 
stant accelerations  led  to  the  choice  of  the 
following  equivalent  design  load  factors  (see 
Figure  3-5) : 


Vertical: 

nz 

= 30  g 

Radial : 

nr 

= 10  g 

Lateral: 

nx 

= nv 

Tangential : 

nt 

= 3 g 

The  several  loads  applied  to  the  structure 
according  to  the  direction  of  the  input  were 
found  by  taking  the  vectorial  ( riW ),  where 
W was  the  weight  of  the  . individual  compo- 
nent. Calculations  for  the  applied  loads,  the 
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Figure  3-4. — Spacecraft  loading. 


VIEW  LOOKING  DOWN 


VIEW  A-A 


Figure  3-5.— Equivalent  design  load  factors. 


Table  3-2. — Crippling  Allowable  Stress  .025  Channel  + 
Plate 

(Members  A thru  I) 


Item 

No.  of 
items 

6 

t 

bft 

Edges 

free 

Area 

Stress 

Fee 

Load 

Pc 

1 

2 

0.500 

.032 

1 

.06400 

*4,750 

304 

2 

2 

.7875 

.025 

31.50 

1 

.03630 

4,750 

172 

3 

2 

.01080 

50,800 

549 

4 

1 

.7610 

.025 

30.44 

i 

0 

.01590 

32,600 

518 

Table  3-1. — Summary  of  Loads  and  Margin  Safety 
for  Basic  Design  Conditions 


Conditions 

Allowable  load 

i 

30  g 

5.0  g 

10  g 

Ply 

Truss 

vertical 

side 

radial 

L/p 

Ten- 

Peg 

Margin 

member 

loading 

loading 

loading 

sion 

Comp 

of  safety 

(lb) 

(lb) 

(lb) 

(lb) 

(lb) 

A, A' 

15.22 

6096 

1530 

B,B' 

+395 

+ 151 

23,66 

1460 

+ 14.43 

C,C' 

49.53 

1429 

D,D' 

+ 50 

± 234 

Neg. 

49.53 

1429 

+ 5.11 

E,E' 

-555 

± 258 

Neg. 

54.57 

1403 

+ 1.53 

F,F'  | 

15,22 

1530 

G,G'  | 

+ 73 

± 340 

+ 145 

24.05 

1505 

! + 3.43 

H,H' 

-460 

± 267 

Neg. 

33.49 

6096 

1486 

+ 2.23 

JfJ' 

-549 

±1092 

Neg. 

31.71 

8757 

4652 

+ 3.26 

Lower  central  fitting  arm 

+ 0.96 

Lower  central  fitting  AN-4  bolt 

+ 1-89 

Fty  — 48,000  psi 

Symbols  used  are  as  defined  in  MIL  Handbook  No.  5. 


Total  0.12700  1543 


Load 

F cr  4“  t 4“  12,150  psi 

Area 

Symbols  used  are  as  defined  in  MIL  Handbook  No.  5. 
* Adjusted  to  Fcc2 


Table  3-3. — Crippling  Allowable  Stress  .050  Channel  + 
.032  Plate 
(Member  J) 


Item 

No.  of 
items 

6 ] 

t 

bft 

Edges 

free 

Area 

Stress 

Fcc 

Load 

Pc 

1 

2 

.50 

.032 

15.6 

1 

.06400 

*18,000 

1,152 

2 

2 

.875 

.050 

17.5 

1 

.05750 

18,000 

1,035 

3 

2 

— 

R/t 
= 5 

R/t 

— 5 

.04414 

47,700 

2,105 

4 | 

1 

.936 

.050 

18.7 

0 

.01680 

43,000 

722 

Total  0.18244  5,014° 


crippling  stresses,  and  the  margins  of  safety 
based  on  ultimate  strength  are  summarized 
in  Tables  3-1,  3-2,  and  3-3.  See  the  following 
illustration  for  identification  of  items  refer- 


Load 

Far  = — — = 27,485  psi 
Area 

Symbols  used  are  as  defined  in  MIL  Handbook  No.  5. 
* Adjusted  to  F cc  2 
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enced.  Margins  of  safety  for  elements  where 
stiffness  was  critical  were  based  on  the  yield 
strength. 

STRUCTURAL  DESIGN 

The  essential  details  of  the  basic  structure 
are  shown  in  Figure  3-6.  The  frame  sub- 


^ RIVET  ATTACHMENT 


MATERIAL  AL.  ALLOY 
2024-T4 


assembly  is  composed  of  two  cap  sheets  riv- 
eted to  a formed  channel.  Flush-head  rivets 
were  used  to  permit  complete  utilization  of 
available  component  mounting  area  for  op- 
timum thermal  conduction.  For  accuracy  of 
fit,  and  to  provide  adequate  rivet  bearing 
area,  the  sheets  and  channels  were  dimpled 
at  assembly.  The  gap  between  the  sheet  sur- 
face and  the  rivet  head  was  held  between 
+0.000  and  — 0.005.  Finishing  after  assem- 
bly was  not  permitted. 

As  shown  in  Figures  3-7  and  3-8,  the  four 
quarter-frames  were  bolted  to  the  central 
fittings  to  establish  the  cruciform  configura- 
tion. The  upper  and  lower  rings  (see  Fig- 
ures 3-9  and  3-10)  provided  the  required 
angular  location,  rigidity,  and  mounting  lo- 
cations for  the  solar  panels.  The  upper  and 
lower  central  fittings  as  well  as  the  separa- 
tion ring  (see  Figure  3-11)  were  machined 
from  solid  stock.  The  upper  fitting  provided 
a pilot  for  centering  the  wideband  antenna. 
The  original  structural  design  of  the  lower 
fitting  was  modified  by  increasing  the  wall 
thickness  to  enable  it  to  serve  as  a heat  sink 
for  the  traveling  wave  tube,  thus  eliminating 
the  need  for  a dead-weight  heat  sink.  The 
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upper  and  lower  rings  were  of  formed  alu- 
minum tubing  cut  into  four  quadrants  and 
epoxy-bonded  into  sleeve  fittings  for  attach- 


Figtjre  3-7. — Upper  central  fitting. 


ment  to  the  frame  by  bolts.  The  bonding 
method  of  fabrication  proved  superior  to 
welding  in  regard  to  strength  and  accuracy 
of  shape.  In  addition,  the  fixtures  used  for 
bonding  were  less  expensive  than  those  re- 
quired for  welding. 

The  solar-panel  substrate  was  an  all-alu- 
minum sandwich  composed  of  a honeycomb 
core  of  quarter-inch  cells  of  0.001  inch,  5052 
alloy,  which  was  epoxy-bonded  to  faces  of 
5052  alloy  0.003  inch  thick  (see  Figure 
3-12).  The  bend  between  the  two  planar 
portions  was  formed  by  crushing,  then  filling 
the  deformed  cells  with  epoxy  adhesive  to 
provide  the  required  shear  strength.  A dou- 
bler sheet  was  applied  on  the  inside  face 
across  the  bend  line  to  increase  stiffness.  All 
panel  support  brackets  were  attached  by 
bonding.  The  bare  substrate  weighed  0.0022 
lb/in2,  and  the  final  panel  assembly  complete 
with  cells,  covers,  and  wiring  weighed 
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Figure  3-8.- — Lower  central  fitting. 
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Figure  3-11.— Separation  ring. 
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0.0125  lb/in2,  for  a ratio  of  about  6 to  1. 
The  panels  were  treated  as  vertical  loads 
through  the  upper  ring  to  the  frame. 

WEIGHT  CONSIDERATIONS 

The  initial  structural  weight  allotment  for 
Relay  I was  11.25  pounds,  or  9 percent  of  the 
estimated  total.  Structure  was  defined  as 
that  material  which  was  present  solely  for 
the  purpose  of  carrying  a load.  The  only 
exception  was  the  lower  central  fitting  which 
also  acted  as  a heat  sink.  Mounting  brackets 
were  not  included  in  this  definition.  Increases 
in  component  weight  and  number  during  the 
course  of  the  project  forced  the  structural 
weight  up  to  a final  value  of  18.94  pounds. 
This  was  11  percent  of  the  172-pound  total 
spacecraft  weight.  Since  the  majority  of 
spacecraft  are  designed  with  a structural 
weight  in  the  range  of  15  to  30  percent  of 
the  total,  the  Relay  I structure  is,  by  com- 


parison an  extremely  lightweight  design. 

The  design  effort  to  minimize  spacecraft 
weight  took  a number  of  forms.  Calculations 
of  required  material  sizes  for  all  load-bearing 
members  were  based  on  the  lower  limit  of 
acceptable  margins  of  safety.  Weight  was 
then  increased  only  when  necessary  to  ac- 
commodate deficiencies  indicated  by  test  re- 
sults. A specific  example  was  the  addition  of 
doublers  in  truss  member  “J”  when  it  was 
found  that  static  loading  of  that  member,  as 
initially  designed,  produced  stresses  close  to 
the  yield  point.  Since  the  mounting  bolts  and 
other  hardware  constituted  two  percent  of 
the  total  spacecraft  weight,  and,  since  the 
use  of  non-magnetic  material  was  specified, 
aluminum  bolts  were  used  in  almost  all  cases. 
Only  where  the  anticipated  load  exceeded  the 
practical  load  limits  of  aluminum  was  stain- 
less steel  used.  As  another  example  of  weight 
reduction,  the  container  for  the  individual 
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cells  of  the  battery  pack  was  designed  as  a 
double  channel  beam  which  eliminated  most 
of  the  brackets  associated  with  conventional 
pack  design. 

SPACECRAFT  DYNAMICS 

Establishing  the  configuration  of  the  space- 
craft required  consideration  of  a number  of 
parametric  relationships.  A plot  of  inertia 
ratio  versus  solar  cell  area  (see  Figure  3-13) 
was  made  to  determine  the  limiting  values 
for  these  design  parameters.  Similarly,  the 
allowable  dynamic  unbalance  as  related  to 
inertia  ratio  was  worked  out  for  several  con- 
figurations (see  Figure  3-14). 

Spacecraft  attitude  in  space  is  controlled 
primarily  by  providing  spin  momentum. 
Ideally,  a spin  stabilized  configuration  de- 
signed within  the  limits  mentioned  above, 
and  accurately  injected,  would  maintain  its 
injection  attitude  throughout  the  required 
operational  period  of  one  year.  However, 
experience  has  shown  that  small  injection 
errors  cannot  be  avoided  and  that  a slow 
drift  of  the  attitude  axis  will  result  from 
magnetic  torques.  Therefore,  a counter 
torquing  system  is  required.  The  torquing 
system  designed  for  Relay  I was  a magnetic 
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Figure  3-13.' — Inertia  ratio  vs.  solar  cell  area. 


coil  having  a capacity  of  approximately  1.5 
amp-turn- (meters)  2 (700  turns  of  32-gage 
aluminum  wire  on  a 28-inch  diameter  with 
a current  of  0.05  amp  at  24  vde)  . Counter 
torque  produced  by  current  flow  through  the 
coil  will  adjust  the  spin  axis  attitude  at  the 
rate  of  approximately  one  degree  per  day. 
A solar  aspect  indicator  and  an  Earth  hori- 
zon scanner  provide  the  two  angles  required 
to  determine  spacecraft  attitude  at  any  given 
time.  From  this  angular  information  the 
amount  and  direction  of  the  correctional 
torque  may  be  calculated  and  the  proper  com- 
mands programmed. 

The  above  method  of  attitude  control  re- 
quires that  the  residual  magnetic  dipole 
moment  in  the  spacecraft  be  zero.  Since  this 
value  is  rarely  obtainable,  the  magnitude  and 
sign  of  the  residual  magnetic  dipole  moment 
must  be  measured.  The  measurement  must 
be  made  with  a threshold  sensitivity  of  ap- 
proximately 0.05  amp-turn- (meters)  2.  A 
compensating  magnet  can  then  be  introduced 
so  that,  under  its  average  operating  condi- 
tion, the  spacecraft  will  produce  a near  zero 
dipole. 

A precession  damper  in  the  form  of  an 


Figure  3-14. — Allowable  dynamic  unbalance  for 
various  configurations. 


38 


RELAY  I— PART  I 


oil-filled  toroidal  tube  was  added  to  aid  in 
damping  out  spin  axis  precession  caused  by 
unbalance  and  orbit-injection  errors.  Design 
curves  are  shown  in  Figures  3-15  and  3-16. 


Figure  3-15.- — Spin  axis  declination  vs.  time. 
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Figure  3-16. — Spin  axis  precession. 


MATERIALS 

The  primary  properties  required  of  the 
structural  materials  were: 

1.  Low  magnetic  permeability 

2.  Low  weight-to-strength  ratio 

3.  Reasonable  formability 

4.  Immediate  availability. 

The  choice  of  aluminum  alloys  was  justified 
because  that  material  met  all  design  require- 
ments adequately,  and,  in  the  final  form 
provided  a design  which  constituted  only  11 
percent  of  the  total  spacecraft  weight.  High- 


strength  steels  were  ruled  out  for  magnetic 
reasons,  and  magnesium  alloys,  with  a theo- 
retically lower  value  for  the  weight-to- 
strength  ratio,  were  not  considered  practical 
because  of  weight  penalties  arising  from 
formability  and  size-availability  considera- 
tions. 

Formability  and  availability  considerations 
were  controlling  factors  in  the  selection  of 
material  for  the  solar-panel  substrates.  The 
use  of  titanium  alloys  offered  no  appreciable 
advantage  because  the  required  temperature 
range  was  well  within  the  capabilities  of 
aluminum.  Furthermore,  a design  in  titan- 
ium would  have  greatly  increased  material 
costs  and  fabrication  time. 

The  bonded  joints  in  the  panel  substrates 
and  in  the  rings  were  made  up  using  an 
epoxy  adhesive,  type  M-688.  Individual  com- 
ponents were  secured  to  printed  circuit 
boards  with  Stycast  1095  Staking  Compound. 

METHODS  OF  FABRICATION 

The  decision  to  use  a combination  of  rivet- 
ing, bonding,  and  bolting  for  assembly  of 
Relay  I was  based  on  the  needs  for  access- 
ibility, multiple  removals  of  components  from 
a partial  assembly,  and  maximizing  the  slip- 
joint  damping  of  vibrational  input  energy. 
While  these  parameters  were  inherently 
qualitative  in  nature,  the  developmental  char- 
acter of  much  of  the  equipment  made  it  ob- 
vious that  the  first  few  assemblies  would 
have  to  be  repeated  several  times.  Thus,  the 
need  for  easy  access  arose,  and,  as  it  turned 
out,  the  cruciform  configuration  was  most 
efficient  in  this  respect.  Its  nearest  competi- 
tor was  the  base-plate  configuration,  but  this 
would  have  required  component  mounting 
area,  and  access  to  inner  locations  would  have 
entailed  considerable  difficulty. 

The  choice  between  the  use  of  riveting  or 
bolting  methods  for  a particular  joint  de- 
pended on  the  relative  permanence  of  the 
joint.  Riveting  was  used  for  assembling  the 
four  quarter-frames  and  adhesive  bonding 
was  used  for  the  fabrication  of  solar  panel 
substrates  and  ring  joints.  Bolting  was  used 
for  the  assembly  of  all  other  joints. 
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The  requirement  that  the  spacecraft  with- 
stand high  vibrational  inputs  (10.7g  sine 
wave)  in  the  frequency  range  which  included 
the  natural  frequency  of  the  spacecraft  made 
it  necessary  to  absorb  or  damp  out  as  much 
of  this  vibrational  energy  as  possible.  This 
condition  required,  wherever  possible,  the 
use  of  a joint  which  would  maximize  the 
dry-friction  or  coulomb  damping  while  main- 
taining adequate  structural  stiffness.  Bolted 
or  riveted  joints  satisfy  both  conditions.  A 
comparison  of  damping  and  transmissibility 
characteristics  for  these  joints  is  given  in 
Figure  3-17.  These  semi-quantitative  curves 
indicate  that  an  aluminum  structure,  having 
the  majority  of  its  joints  assembled  by  bolt- 
ing and  riveting  methods,  should  produce  a 
transmissibility  of  10  or  less  at  the  funda- 
mental frequency.  This  condition  was  true 
in  general  for  the  Relay  I assembly.  How- 
ever, high  stiffness  of  the  cruciform  in  the 
vertical  plane  tended  to  raise  the  transmis- 
sibility to  values  of  12  to  16  at  some  locations. 
These  high-level  inputs  degraded  the  per- 
formance of  only  the  wideband  receivers 


Figure  3-17. — Comparison  of  types  of  damping. 


and  the  encoder.  The  additional  protection 
required  by  these  sensitive  devices  was  pro- 
vided by  specially-designed  coulomb  dampers, 
described  in  the  following  section. 

DESIGN  OF  COULOMB  DAMPERS 

To  meet  the  inertia  ratio  required  by  spin 
stabilization,  the  electronic  components  were 
physically  arranged  to  place  the  component 
masses  at  the  maximum  possible  radius  and 
at  the  minimum  displacement  from  the  longi- 
tudinal plane  of  the  center-of -gravity ; that 
is,  to  make  a short  ring.  The  controlling 
components  in  the  effort  to  obtain  a value 
of  inertia  ratio  of  less  than  0.95  were  the 
widebrand  receiver,  the  encoder,  and  the  two 
battery  packs.  To  optimize  the  location  of 
these  heavy  components,  the  local  enclosure 
for  each  was  developed  as  a box  beam  to 
bridge  circumferentially  between  adjacent 
elements  of  the  cruciform. 

Of  these  four  heaviest  components,  how- 
ever, both  the  receiver  and  encoder  showed 
considerable  sensitivity  to  the  high  forces 
developed  during  vibration  testing.  The  vi- 
bratory input  forces  at  the  separation  ring 
were  multiplied  some  12  to  16  times  by  the 
transmissibility  of  the  structural  path  from 
the  ring,  up  through  the  vertical  legs  of  the 
cruciform,  and  along  the  bridge  beam.  The 
design  of  the  battery  packs  and  the  nature 
of  the  components  were  such  that  they  did 
not  show  a similar  sensitivity. 

Of  the  several  vibration  tests  to  which  the 
components  and  assemblies  were  subjected, 
the  qualification  test  specified  the  most  severe 
inputs.  Because  the  first  natural  frequency, 
or  resonance,  of  the  entire  assembly  as  a 
mass-spring  system  turned  out  to  be  110  cps, 
the  frequency  range  of  greatest  interest  was 
from  50  to  500  cps  with  its  10.7g  input. 

Since  the  electronic  design  of  the  receiver 
and  encoder  had  been  well  established,  it  was 
deemed  advisable  to  determine  the  vibratory- 
force  capacity  of  the  units  as  they  existed. 
Separate  exploratory  vibration  tests  of  the 
components  indicated  that  they  could  prob- 
ably survive  80  to  lOOg  peaks.  During  sys- 
tem test  they  would  experience  these  high 
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inputs  only  as  the  frequency  sweep  passed 
through  their  local  resonance.  Thus,  they 
would  absorb  relatively  small  amounts  of 
energy.  Vibration  tests  on  the  components 
had  indicated  that  these  resonances  occurred 
at  approximately  150  cps  and  that  the  prob- 
lem could  be  solved  by  providing  a constraint 
on  transmissibility  of  the  10.7g  input  at  the 
separation  ring  to  a value  of  10  or  less  in 
the  frequency  range  which  included  both  110 
and  150  cps.  The  design  goal  was  a tran§- 
missibility  value  of  3 to  5. 

It  had  been  observed  during  vibration  tests 
of  the  assembly  that  the  relative  stiffness  of 
the  beams  was  higher  than  that  of  the  cruci- 
form elements,  the  beam  motion  being  nearly 
that  of  a rigid  body.  Therefore,  one  ap- 
proach to  solving  the  transmissibility  prob- 
lem was  to  increase  the  stiffness  of  the 
cruciform.  But  a preliminary  redesign  of 
the  cruciform,  with  the  increased  stiffness 
necessary  to  raise  the  resonance  of  the  cruci- 
form-beam system  significantly  above  the 
110-eps  fundamental  frequency,  resulted  in 
an  intolerable  weight  increase.  Reducing  the 
stiffness  in  order  to  lower  the  resonant  fre- 
quency of  the  cruciform-beam  system  was 
not  attractive  because  of  the  enhanced  po- 
tential of  buckling  the  cruciform  skin  at  a 
number  of  locations.  The  general  approach 
in  isolating  the  entire  satellite  from  the 
booster  by  means  of  a spring  was,  of  course, 
invalid  because:  (1)  tremendous  displace- 
ments are  involved  and,  (2)  such  a spring 
would  impart  an  indefinite  change  to  the 
separation  velocity.  Thus,  the  alternatives 
were  reduced  to  the  introduction  of  an  en- 
ergy-absorbing element  between  the  booster 
and  payload.  The  four  foot-blocks  which 
form  the  contact  and  load-carrying  elements 
between  the  separation  ring  and  the  cruci- 
form were  originally  solid  aluminum  alloy 
(2024-T3) . Several  trial  sets  of  blocks  were 
made  from  structural  plastics  having  high 
compressive  strength  but  low  elastic  modules. 
Among  those  tested  were  the  epoxy-bonded 
glass  laminates.  The  results  of  transmissi- 
bility measurements  made  during  vibration 
tests  indicated  only  minor  reductions  with 


no  discernable  change  in  resonant  frequency. 
The  substitution  of  material  was  made  for 
weight  reduction  and  improved  thermal  iso- 
lation of  the  ring. 

Returning  to  the  cruciform-beam  system, 
it  was  decided  to  limit  the  vibration  ampli- 
tude at  the  center  of  the  beam  by  decreasing 
its  span  through  the  introduction  of  a brace 
or  post  from  the  beam  center  to  the  separa- 
tion ring.  At  the  same  time  the  force  input 
to  the  beam  and  its  electronic  component  was 
reduced  by  designing  the  brace  to  be  an  en- 
ergy-absorbing element. 

The  use  of  viscous  friction  as  a means  of 
energy  dissipation  was  denied  by  the  project 
specification  which  prohibited  the  presence 
of  any  liquids  outside  of  sealed  containers. 
Thus,  coulomb,  or  dry-friction,  damping  was 
the  most  practical  means  available.  The  di- 
mensions of  the  physical  arrangements  were 
such  that  a column  brace  of  reasonable 
slenderness  ( L/r ) could  be  designed  within 
tolerable  weight  limits,  although  it  would 
increase  total  spacecraft  weight  (see  Figure 
3-18).  In  choosing  the  materials,  the  para- 
mount consideration  was  retention  of  initial 
friction  load  throughout  the  operating  life. 
This  was  taken  as  100  times  the  duration  of 
the  vibration  test,  or  about  3 hours.  As  the 
required  friction  force,  or  load  was  not  pre- 
cisely known,  the  design  of  the  damper  in- 
cluded a means  for  adjusting  this  force. 
Consideration  of  all  the  requirements  led  to 
the  choice  of  a polished,  phenolic,  fiberglass 
rod  sliding  in  a stainless  steel  tube  (see  Fig- 
ure 3-19).  The  tube  was  longitudinally  slit 
in  the  region  of  the  overlap. 

The  general  design  approach  was  based 
on  that  of  Den  Hartog*  and  may  be  used 
for  any  type  of  damping  as  long  as  its  action 
can  be  expressed  either  analytically  or  graph- 
ically. For  forced  vibrations  with  non-linear 
damping,  the  differential  equation  of  mo- 
tion is 

mx  4-  /(#)  + kx  = P„  sin  u>t  (3.1) 
where  fix)  is  not  equal  to  the  cx  term  of 

*Den  Hartog,  J.  P.,  Mechanical  Vibrations,  Fourth 
Ed.,  McGraw-Hill  Book  Co.,  Inc.,  New  York. 
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Figure  3-18, — Coulomb  damper  in  Relay  I assembly. 


the  equation  for  linear  damping.  The  motion 
is  not  harmonic  because  of  the  nonlinear 
term  fix).  An  exact  solution  for  this  equa- 
tion is  known  only  for  the  ease  of  coulomb, 
or  dry-friction  type,  damping,  where  fix)  =. 
±F  -f -cx.  Even  though  the  damping  for  this 
design  is  greater  than  that  usually  assumed 
for  this  approach,  the  curve  of  motion  is 
sufficiently  close  to  sinusoidal  that  it  may  be 
used  as  a base  for  an  approximate  analysis. 
Basically,  the  analysis  assumed  that  equal 
work  per  cycle  will  be  done  in  both  the  sinu- 
soidal and  in  the  equivalent  system.  The 
term  fix)  is  replaced  by  an  equivalent  cx, 
and  an  equivalent  damping  constant  c is  de- 
termined such  that  the  actual  damping  force 
f(x)  does  the  same  work  per  cycle  as  the 
equivalent  damping  force  cx.  Then  c is  not 
strictly  a constant,  but  a function  of  ® and 
of  x0.  Thus  the  non-linear  coulomb  system 
represented  by  the  differential  equation  can 
be  replaced  by  a linear  one,  with  the  con- 
comitant approximation. 

The  motion  is  given  by 

x — x0sin<at  (3.2) 


and  the  work  per  cycle,  of  the  general  damp- 
ing force  f(x)  is : 


/2<" 

u1  = x0\  fix)  cos  mt  d<ut  (3.3) 
'0 

The  work  per  cycle  of  the  equivalent  damp- 
ing force  cx  is: 

tt2  = w ca>x o2  (3.4) 

The  equivalent  damping  constant  c is  found 
by  equating  (3.3)  and  (3.4) , 


c 


1 

7 T 0)Xq 


f(x)  cos  mt  dU 


(3.5) 


and  the  amplitude  of  the  now-linearized 
system  is: 


(3.6) 


The  amplitude  is  found  by  substituting  the 
value  of  c from  Equation  (3.5),  but  first  the 
integral  must  be  evaluated.  From  a plot  of 
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Figure  3-19. — Coulomb  damper. 


ADAPTER  TO 
SEPARATION  RING 


damping  force  and  velocity  versus  «>t,  it  can 
be  observed  that  the  integral  consists  of  four 
equal  parts 

/7T2 

41  F cos  <ot  dwt  = 4 F 

/o 

Thus 

C — iF/irwXo  (3.8) 

and  substituting  c from  Equation  (3.8)  into 
Equation  (3.6)  yields 


X0  = 


Po  v i -=amw7Fdp 


1 ~ (^)  (3.9) 

With  coulomb  friction  in  the  region  of 
F/P0  = tt/4,  the  amplitude  at  resonance  is 
infinite  and  independent  of  the  damping. 

This  linearized  approach  was  applied  in 
the  design  of  the  coulomb  damper  as  a single- 
degree-of -freedom  system  at  resonance. 
Thus,  critical  damping  at  resonance  was  re- 
quired. 

Preliminary  vibration  experiments  were 
performed  to  determine  the  natural  fre- 
quency of  the  encoder  (as  typical  of  these 
components)  when  mounted  on  a rigid  brace. 
This  resulted  in  a value  of  fn  = 150  cps.  The 
weight  of  the  encoder  is  taken  as  11  pounds, 
and  the  critical  damping  at  resonance  is 

_ |4if_  w w 

Ccr  2 ““  g — 2(2,r/")  g (3.10) 


or 

ccr  — 4tt(150  cps)  0$=  54  lb-sec-in-1 

Taking  the  transmissibility  value  as  5,  for  a 
trial,  and  assuming  that  the  force  on  the  cen- 
ter of  the  encoder  beam  from  the  brace  is 
relatively  high,  causing  the  beam  to  act  as  a 
rigid  body,  the  acceleration  at  the  encoder 
center  and  the  velocity  across  the  friction 
elements  may  be  found.  The  acceleration  is: 

a = input  X transmissibility 
a = (10.7g)  (5)  = 53.5  g (3.11) 

and  the  velocity:  V0  = a/w  = a/ (2a- /„) 

t=  (53.5)  (386)  /2a- 150) 
= 22  in-sec*1  (3.12) 

The  critical  friction  force  at  resonance  is 
then : 

F cr  — P gCCr 

— (22  in-sec1 ) (54  lb-sec-in-1) 

= 11901b  (3.13) 

This  critical-friction  force  must  be  devel- 
oped by  the  normal  force  acting  through  the 
coefficient  of  friction  at  the  interface  between 
the  fiberglass  rod  and  the  steel  tube.  It  is  not 
necessary  to  know  the  value  of  the  coefficient 
of  friction,  but  it  is  required  that  the  friction 
force  and  the  break-away  force  not  differ 
widely.  It  is  also  required  that  the  wear  and 
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surface  characteristics  of  the  mating  mate- 
rials be  such  that  the  friction  force  remains 
reasonably  constant  for  the  operating  period. 
This  is  a condition  best  demonstrated  by  ex- 
periment. The  combination  of  fiberglass  and 
stainless  steel  proved  admirable  since  no  de- 
tectable wear  nor  change  in  friction  force 
occurred  during  the  extensive  experimental 
operations.  The  slits  in  the  tube  and  the 
adjustable  clamp  provided  the  means  of  set- 
ting the  normal  force  which  controls  the 
friction  force. 

The  proper  value  of  the  friction  force  is 
found  through  the  use  of  the  damping  ratio. 
One  may  take  the  approximation: 

Ff1{  . — ■ c 

-F7,~X,  (»■!« 

and,  since  the  amplification  is  to  be  5 (or 
preferably  less),  the  value  of  the  damping 
ratio,  0.13,  may  be  read  from  standard  reso- 
nance curves  for  a linear  system.*  Then 
from  Equation  (3.14)  : 

0.13  F cr 

■=  0.13(1190)  = 150  lb  (3.15) 

The  clamp  on  the  brace  was  torqued  to  pro- 
vide the  corresponding  normal  force,  and  the 
axial  friction  force  was  measured  by  experi- 
ment. The  relationship  between  this  axial 
friction  force  and  the  torque  applied  to  the 
clamping  bolts  was  established  so  that  the 
experimental  measurement  could  be  omitted 
in  future  production. 

Direct  use  was  made  of  the  rigidity  in- 
herent in  the  brace  even  though  its  major 
function  and  design  are  those  of  a damper. 
The  introduction  of  the  axial  force  essential 
to  the  dissipation  of  input  energy  acts  to  in- 
crease the  stiffness  of  the  encoder  support 
and  thus  to  raise  its  natural  frequency.  This 
overall  action  (i.e.,  to  reduce  the  energy  in- 
put to  a sensitive  component  and  to  move 
its  resonance  away  from  the  frequency  of 
maximum  energy  input)  was  the  primary 
reason  for  using  the  damper. 

The  increase  in  stiffness  was  difficult  to 
calculate  because  of  the  unknown  spring  rate 
— the  k of  Equation  (3.9) — of  the  supporting 


cruciform  elements  of  the  encoder.  The  over- 
all spring  rate  for  the  cruciform  assembly 
had  been  determined  during  static  load  tests 
as  approximately  200,000  pounds  per  inch. 
This  value  approximates  the  value  of  211,000 
pounds  per  inch  derived  from  the  experi- 
mental data  of  a 110-cps  resonance  at  172 
pounds  load,  by  the  relation: 

^spacecraft  z+z  (27 r fn)  — - 

= [2'<110]!S 

= 211,000  lb-in-‘  (3.16) 

For  the  encoder  alone: 

fee  - [2^(150) ]2^ 

= 24,500  lb-in-1 

The  displacement  of  the  encoder  without  the 
brace  would  be  (11  lb)/ (25400  lb-in)  or 
about  0.004  inch.  With  the  brace  added,  the 
force  on  the  cruciform  supports  was  11 
pounds  plus  150  pounds,  for  a new  displace- 
ment of  about  0.006  inch.  However,  the  dis- 
placements with  the  brace  had  been  measured 
at  about  0.0010  to  0.0015  inch,  for  a ratio  of 
6 to  1.2,  or  5.  Since  the  natural  frequency 
is  related  to  the  square  root  of  the  spring 
constant  or  displacement,  it  would  be  ex- 
pected to  change  by  a ratio  of  about  2.2.  The 
results  of  vibration  testing  indicate  that  the 
damper  increased  the  resonance  from  150 
cps  to  215,  for  a ratio  of  1.4  (see  Figure 
3-20).  No  particular  precision  was  expected 
of  these  calculations,  but  it  was  important 
that  the  inevitable  increase  in  stiffness  due 
to  the  additional  force  of  damping  be  ac- 
counted for  by  approximating  the  increase 
in  resonant  frequency. 

The  benefit  gained  from  the  installation 
of  the  damper  is  readily  seen  by  a comparison 
of  transmissibilities  at  resonance.  Without 
the  damper  the  encoder  transmissibility  was 
12  at  150  cps;  with  the  damper  it  was  7 at 
215  cps.  The  peak  force  inputs  to  the  en- 
coder were  thus  reduced  to  values  which 
were  within  its  capacity  of  about  10  trans- 
missibility at  10.7g  input.  The  secondary 

*Den  Hartog,  J.  P.,  Mechanical  Vibrations , Fourth 
Eel.,  McGraw-Hill  Book  Co.,  Inc.,  New  York. 
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Figure  3-20. — Transmissibility  vs.  frequency  for 
Relay  encoder. 


peaks,  near  the  100-cps  region  for  both  con- 
ditions, were  excited  by  the  resonance  of  the 
entire  assembly  and  represent  a similar  re- 
duction in  force.  The  wideband  receiver 
responded  even  better  to  a similar  treatment. 
Its  transmissibility  at  resonance  was  reduced 
from  16  to  6. 

The  data  gathered  during  the  tests  was 
used  to  calculate  the  actual  damping  and 
transmissibility  on  the  assumption  that  the 
damping  was  proportional  to  the  square  of 
the  velocity,  i.e.,  fix)  = CiX2.  The  equivalent 
viscous  damping  is : 

. 2 /W  2<» 

c = Cii2  cos  wf  dt  ,Q  ir_. 

ira  )„ 

Recalling  that  x = a/mn  cos  U and  that  Ci 
= F„/x 2 


Equation  (3.17)  yields 

&F yin 

C ~ (3.18) 


The  data  yielded  the  following  values: 

F0,  the  frictional  force  = 150  lb 
a,  the  maximum  acceleration  = 77  g 
the  resonant  frequency  of  the 
component  with  damper  = 215  cps 

Substituting  these  values  in  Equation  (3.18) 


c 


8(150  lb)  2*- (215  sec-1) 
3*- (77 g)  (386  in-sec2) 


= 5.5  lb-sec-in-1 


The  damping  ratio  is  then : 


which,  when  entered  on  standard  resonance 
curves,  indicates  a transmissibility  of  about 
6,  comparable  to  the  measured  value  of  7. 

The  energy  dissipated  per  cycle*  was  also 
calculated  from  the  expression: 


Do  Hr  [nr]  (Fma*  - Fmin)  3 (3.19) 

where  D0  is  energy,  (in  in-lb/cycle) 


q = force  per  unit  length  of  the  slipped 
interface 
k — kj  (ks-\-kt) 
k3  — ASES,  (s  indicates  shaft) 

Kt  = AtEt,  it  indicates  tube) 


Substituting  the  data  values : 


r 1-2  (0.7)1 

[( 175-135) 3 1 

l 10B  J 

L (150/1)  J 

= 2 X 10‘c  in-lb/cycle 

which  is  considered  an  acceptable  value. 

In  summary,  the  presence  of  rather  sensi- 
tive electronic  components,  in  addition  to  a 
configuration  dictated  by  the  dynamic-sta- 
bility criterion,  required  additional  vibration 
damping,  which  was  furnished  by  large- 
capacity  coulomb  dampers  designed  specifi- 
cally for  that  purpose.  This  is  believed  to  be 
the  first  application  for  dampers  of  this  type 
in  a spacecraft. 


BASIC  SPACECRAFT  THERMAL  DESIGN 
Design  Requirements 

While  the  thermal  design  was  in  progress, 
requirements  were  continuously  being  revised 
and  updated.  The  following  are  representa- 
tive of  the  values  that  were  used  in  the  de- 
sign. 

Many  parameters  were  from  an  orbit  com- 
puted by  STL,  commonly  referred  to  as 
Orbit  32.  The  orbit  had  an  inclination  of  54 

*Pian,  T.  T.  H.,  and  Holowel,  F.  C.  Jr.,  Structural 
Damping  in  a Single  Built-up  Beam,  ASME  Proc. 
First  National  Congress  Appl.  Mech. 
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degrees,  and  an  altitude  that  ranged  from  a 
minimum  of  800  nautical  miles  to  a maximum 
of  3000  nautical  miles.  This  resulted  in  an 
orbit  period  of  163  minutes  and  a suntime 
that  varied  from  75  to  100  percent;  hence, 
the  maximum  eclipse  time  was  40  minutes. 
For  thermal  design  purposes,  this  orbit  was 
similar  to  the  final  orbit  of  Relay  I,  which 
had  an  inclination  of  47.5  degrees,  altitudes 
from  700  to  4000  nautical  miles,  and  a period 
of  185  minutes. 

The  spacecraft  was  spin  stabilized,  with 
the  angle  between  the  sun  and  the  spin  axis 
(sun  angle)  equal  to  90±30°.  The  maximum 
duty  cycle  for  the  wideband  equipment  was 
36  minutes  during  each  orbit,  with  operation 
possible  on  three  consecutive  orbits.  The  or- 
bit average  power  dissipation  was  estimated 
to-be  from  a 16-watt  minimum  (no  wideband 
operation)  to  a 90-watt  maximum  (36-min- 
ute  wideband  operation),  in  addition  to  the 
heat  dissipated  by  the  batteries  and  power 
regulation  equipment. 

Trade-offs  in  Approach 


Genera/ 

Some  spacecraft  are  built  around  the  ther- 
mal design,  with  the  best  shape  (spherical) 
and  structural  support  dictated  to  facilitate 
the  thermal  design.  The  basic  philosophy  in 
the  design  of  the  Relay  I spacecraft  was  dif- 
ferent. A configuration  was  first  set  by  other 
considerations,  and  then  changes  required 
for  adequate  thermal  control  were  introduced 
where  necessary.  This  philosophy  resulted  in 
a little  weight  being  required  for  thermal 
control  and  eased  the  design  problems  in 
other  areas. 

The  spacecraft  shape  was  the  result  of 
maximizing  the  area  for  mounting  solar  cells 
within  the  space  limitations  of  the  shroud. 
The  internal  equipment  was  arranged  so  that 
the  maximum  moment  of  inertia  occurred 
about  the  spin  axis,  and  the  structure  was 
then  designed  to  support  the  equipment.  The 
only  locations  dictated  by  thermal  considera- 
tions were  those  of  the  voltage-limiter  resis- 
tors, and  the  two  TWT’s.  The  addition  of 
an  active  thermal  controller,  of  low  emittance 


surfaces  on  the  inside  of  the  solar  panels, 
and  of  thermal  shields  at  the  ends  of  the 
spacecraft  essentially  completed  the  thermal 
design. 


/nfernal  Coupling 

Several  considerations  indicated  a need  for 
maximum  thermal  coupling  within  the  elec- 
tronic package.  Most  of  the  internal  elec- 
tronic component,  including  the  batteries, 
had  similar  temperature  requirements.  Some 
components,  especially  the  two  TWT’s  and 
their  power  supplies,  dissipated  large 
amounts  of  heat,  while  other  components  had 
negligible  dissipation.  There  were  frequently 
large  variations  in  the  power  dissipated  in 
any  particular  piece  of  equipment.  Also,  if 
one  component  was  not  on,  then  either  an- 
other would  be  or  an  equivalent  amount  of 
power  would  be  dissipated  in  the  power  sup- 
ply equipment. 

Conduction  paths  were  improved  where 
possible,  and  all  electronic  boxes  were  painted 
to  insure  maximum  radiation  coupling.  Ther- 
mally connecting  the  interior  equipment  per- 
mits the  high  power-dissipating  components 
to  receive  the  benefit  of  the  thermal  mass  of 
the  other  components,  and  the  temperature 
variations  caused  by  switching  power  from 
one  component  to  another  are  thus  mini- 
mized. 


Insulation  to  Exterior 


Since  the  spacecraft  would  be  subjected  to 
40-minute  eclipses  where  the  equilibrium 
temperatures  would  be  around  — 100°C,  pro- 
visions were  required  to  prevent  excessively 
low  internal  temperature.  The  temperature 
drop  in  eclipse  can  be  estimated  from: 


AT 


eAcrT4At 

me 


<(3500  in2)  (0.3  w/in2)  (2400  sec) 
(125  lb)  (380  w-s/lb  deg  K) 


e • 53  deg 
(3.20) 


where:  < is  the  emittance;  A,  the  total  sur- 
face; T,  the  absolute  temperature;  m,  the 
mass ; and  c,  the  specific  heat.  If  the  internal 
equipment  were  well  coupled  to  the  outside 
(emittance  equal  to  one),  the  temperature 
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drop  would  be  of  the  order  of  50  °C,  which  is 
excessive. 

The  internal  equipment  was  insulated  from 
the  exterior  by  means  of  a low  emissivity 
coating  on  the  inside  of  the  solar-cell  panels. 
Initially,  the  inside  surface  of  the  honey- 
comb aluminum  was  left  uncoated.  When  this 
proved  insufficient,  aluminum  foil  and,  later, 
aluminized  mylar  were  applied  to  the  surface. 
The  effective  emittance  of  the  exterior  was 
thus  reduced  by  a factor  of  ten,  and  the  tem- 
perature drop  during  eclipse  was  a satisfac- 
tory 5°C. 

Thermal  Coupling  fo  Spacecraft  Bottom 

The  exterior  of  the  solar  panels  was  de- 
signed to  yield  a minimum  absorptivity- 
emissivity  ratio  and  the  lowest  possible 
solar-cell  temperature.  This  resulted  in  an 
estimated  solar-cell  temperature  of  approxi- 
mately 20°C  in  the  sunlight.  While  this  is 
satisfactory  for  the  solar  panels,  excessively 
high  temperature  would  result  within  the  in- 
ternal components  to  dissipate  the  required 
amount  of  heat  through  the  solar  panels.  To 
lower  the  average  temperature  of  the  internal 
equipment,  the  thermal  coupling  to  the  bot- 
tom of  the  spacecraft  was  maintained  high. 
The  bottom  surface  is  colder  than  the  solar 
panels  because  the  sun  does  not  shine  per- 
pendicularly on  this  surface.  By  adjusting 
the  coupling  to  this  surface,  the  average  tem- 
perature can  be  set  above  or  below  the  solar 
panel  temperature  of  20°C. 

Passive  Versus  Active  Thermal  Control 

Both  in  the  study  phase  (STL)  and  in  the 
initial  thermal  design,  the  advantages  and 
disadvantages  of  an  active  thermal  control 
were  studied.  A completely  passive  system 
has  a low  initial  cost,  low  weight  penalty, 
and  high  reliability ; however,  the  degree  of 
temperature  control  was,  to  some  extent, 
marginal.  It  was  difficult  to  prove  that  the 
passive  design  would  be  adequate,  in  view  of 
the  inevitable  changes  that  could  be  expected 
to  arise  during  final  design  and  construction. 

The  final  choice  was  a basically  passive 
system,  with  the  use  of  active  control  as  a 
small  adjustment,  or  vernier,  to  decrease  the 


temperature  excursions.  Considerable  lati- 
tude was  thus  allowed  for  changes.  The  ac- 
tive control  could  have  been  eliminated  if  the 
passive  control  had  proved  sufficient,  or  the 
degree  of  active  control  could  have  been  in- 
creased if  necessary.  The  final  design  did 
include  the  initial  active  controller  proposed. 
This  was  sufficient  to  reduce  temperature 
excursions,  but  was  small  enough  that  the 
equipment  would  probably  operate  properly 
even  if  the  active  controller  failed.  Thus, 
high  reliability  was  assured. 

The  logical  place  for  the  active  thermal 
controller  was  between  the  equipment  and  one 
of  the  ends.  The  bottom  end  was  chosen  be- 
cause it  had  more  surface.  Location  of  the 
active  controller  on  the  exterior  of  the  space- 
craft was  desirable  from  a thermal  view- 
point. However,  the  ratio  of  moments  of 
inertia  was  critical,  and  any  weight  on  the 
spacecraft  ends  affected  the  radio  adversely. 
The  controller  was  therefore  mounted  in  the 
interior,  several  inches  closer  to  the  center 
of  mass  of  the  spacecraft.  The  interior 
mounting  also  facilitated  thermal  testing  of 
the  spacecraft. 

A circular  type  of  controller  with  open 
pie-sections  instead  of  louvers  was  chosen 
because  the  particular  spacecraft  area  was 
circular,  more  experience  had  been  obtained 
with  this  type  of  control,  and  less  friction  was 
involved.  Actuation  by  expanding  gas  was 
chosen  because  it  provided  more  power  to 
overcome  friction  than  a comparable  weight 
of  bimetallic  strips.  The  sensor  was  located 
on  a battery  because  this  component  was  not 
critically  sensitive  to  temperature  extremes. 
Finally,  hydraulic  linkage  between  the  sensor 
and  controller  was  used  for  flexibility,  ease 
of  installation,  and  reliability. 

Location  of  High  Power  Components 

The  components  that  generated  significant 
amounts  of  heat  were  the  batteries,  the  trav- 
eling wave  tubes,  the  TWT  power  supplies, 
the  TWT  power  regulators,  and  the  voltage 
limiter.  The  batteries  generated  excessive 
heat  only  under  overcharge  conditions,  and 
a temperature-actuated  charge  cut-off  lim- 
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ited  their  temperature  to  32°C.  The  travel- 
ing wave  tubes  were  located  where  their  heat 
could  best  be  distributed  throughout  the 
spacecraft.  The  TWT  power  supplies  were 
located  with  the  other  electronic  equipment 
and  generated  high,  but  not  excessive,  tem- 
peratures. The  temperature  requirements  of 
the  remaining  two  sets  of  components  were 
less  severe,  allowing  these  components  to  be 
located  away  from  the  main  equipment.  This 
prevented  the  heat  generated  by  these  com- 
ponents from  affecting  the  main  equipment. 

The  transistors  associated  with  the  TWT 
power  regulators  were  located  on  a collar 
near  the  bottom  of  the  spacecraft.  Because 
of  small  size  and  high  power  dissipation,  a 
substantial  temperature  rise  was  expected. 
Therefore,  they  were  located  at  the  coldest 
part  of  the  spacecraft,  where  the  heat  dissi- 
pation was  adequate  at  an  operating  tempera- 
ture below  the  maximum  limit. 

The  resistors  associated  with  the  voltage 
limiter  presented  a special  problem.  The 
power  supply  was  overdesigned  in  power 
capability  to  allow  for  solar-cell  degradation 
expected  from  particle  radiation  in  space. 
This  required  excess  power  to  be  dissipated 
in  the  voltage  limiter  during  the  early  life 
of  the  spacecraft  and  the  amount  of  dissipa- 
tion would  decrease  as  the  solar  cells  de- 
graded. If  the  resistors  had  been  located 
inside  the  spacecraft,  the  gradual  decrease 
in  heat  dissipated  would  have  produced  a 
long  term  cooling  effect  on  the  spacecraft. 
For  this  reason,  the  resistors  were  mounted 
externally  on  the  solar  cell  panels,  where  the 
heat  could  be  dissipated  directly  into  space 
without  affecting  spacecraft  temperatures. 

Initial  Thermal  Design 

Genera/  Theory 

Based  on  the  considerations  outlined  in 
the  previous  section,  an  initial  heat  balance 
for  the  spacecraft  was  formulated.  This 
initial  concept  was  later  refined  and  modified, 
and  calculations  were  performed  in  much 
greater  detail.  However,  it  does  contain  the 
basic  formulation  of  the  thermal  design. 

To  obtain  a mean  interior-spacecraft  tem- 


perature, it  is  assumed  that  the  interior  is 
one  isothermal  mass  and  is  coupled  by  radia- 
tion to  the  three  external  surfaces.  These 
couplings  by  radiation  are  constant,  except 
for  the  coupling  to  the  bottom  surface  that 
will  be  a function  of  the  position  of  the  active 
thermal  controller.  The  heat  balance  on  each 
of  the  three  external  surfaces  can  then  be 
written  as: 

ts  Ab  a T b*  — as  Ab  ( Sb  + pb)  «b  Ab  Pb 

+ Kb  (o-  T*  - cr  TV)  (3.21) 

es  As  a- T/  = as  As  ( Ss  ps)  + As  ps 

+ Ks  («tT<  - aZV)  (3.22) 

eTAT<7TT4  = aTAT(ST  pT)  + eTATp.T 

+ -o-Tt4)  (3.23) 

and  the  heat  balance  for  the  interior  pack- 
age is: 

Kt(<tTt*  - aT*)  + Ks  (crTS  - vT* 

+ Kb  (o-7V  ~ aT*)  + Q = 0 

(3.24) 

The  definition  of  the  quantities  and  some 
numerical  values  are  listed  in  Table  3-4. 

From  these  four  equations,  the  tempera- 
tures of  the  three  external  surfaces  can  be 
eliminated,  and  the  result  solved  for  the  tem- 
perature of  the  interior  package.  It  is  useful 
to  define  various  secondary  constants  to  sim- 
plify the  expression  for  the  internal  tempera- 
ture. The  equivalent  radiation  input  to  any 
surface  is  defined  by 

I = ^(S  + p)+p  (3.25) 
€ 

The  fractional  coupling  constant  to  space  is  a 
function  only  of  the  spacecraft  and,  for  the 
top  surface,  is 

Kt  r Kt  K*  . Kb  T1 

1 4-M  1+-&-' !+-£-'  1+-M 

*TAt\_  ^£tAt  esAs  £|{aJ 

(3.26) 

with  similar  equations  for  the  sides  and 
bottom  surfaces.  Finally,  the  constant  elec- 
trical power  term  is  defined  by 


Kt  . Ks  Kb_ 

1+Jk-'  !+_*•_  !+_*■_ 

cr  At  es  As  €b  An 

(3.27) 
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Table  3-4. — Thermal  Design  Parameters 


Symbol 

Quantity 

Initial  design  value* 

A T 

External  area,  top-  - ....  ...  : ... 

300  in2 

A s 

External  area,  sides  ...  ..  . . ... 

2600  in2 

Ab 

External  area,  bottom ...  . ...  . 

600  in2 

A 

Coupling  constant  to  space,  top ....... 

0.20  and  0.07 

B 

Coupling  constant  to  space,  sides _ 

0,69  and  0.44 

C 

Coupling  constant  to  space,  bottom .... . ...  _ . ... 

0.21  and  0.49 

D 

Constant  electrical  power  term ... .. ...  _ . .,  ... 

0.067  and  0.101  w/in2 

I T 

Equivalent  radiation  input,  top.  . , .... . 

0.027  w/in2 

Is 

Equivalent  radiation  input,  sides. ... ....... ........ . _ 

0.202  and  0.231  w/in2 

Ib 

Equivalent  radiation  input,  bottom ... 

0.020  and  0.155  w/in2 

Kt 

Radiation  coupling,  interior  to  top. ..........  . . . ...  

25  in2 

Ks 

Radiation  coupling,  interior  to  sides ...... 

165  in2 

Kb 

Radiation  coupling,  interior  to  bottom  . .....  _ 

50  and  250  in2 

Q 

Electrical  power  input.  _ .....  ...... ... .... 

15  and  35  w 

ST 

Direct  solar  radiation,  top  . . _ . ..  _ 

Ss 

Direct  solar  radiation,  sides.  ....  _ ....  _ 

Sb 

Direct  solar  radiation,  bottom  ... ...  .....  

T 

Temperature  of  spacecraft  interior.  .... „ . . . . 

4°C  and  23°C 

Tt 

Temperature  of  surface,  top  . ...  ....  . . 

Ts 

Temperature  of  surface,  sides. ... ...  . . 

Tb 

Temperature  of  surface,  bottom . ..  _ . ..  . ... 

OCT 

Surface  absorptanee  to  sunlight,  top  ...  . 

0.9 

OCS 

Surface  absorptanee  to  sunlight,  sides . ....  

0.9 

CCB 

Surface  absorptanee  to  sunlight,  bottom  _ .......  _ _ 

0.27 

€T 

Surface  emittance,  top  _ . . ..  ..  ..  ....  _.  . . _ 

0.9 

*S 

Surface  emittance,  sides. . . . . _ ... ...  

0.9 

*B 

Surface  emittance  bottom.  _ .....  

0.9 

A* 

Average  earth  thermal  radiation . ....... .... 

0.017  w/in2 

P 

Average  earth  reflected  radiation .....  . 

0.010  w/in2 

tr 

Stefan-Boltzmann  constant  _ . .....  

3.657  X 10_uw/in2  degK4 

T 

Spacecraft  time  constant ......  . _ ... 

*Where  two  values  are  given,  the  first  corresponds  to  minimum  spacecraft  temperature  conditions  (75  percent  suntime 
and  90°  sun  angle)  and  the  second  corresponds  to  maximum  temperature  conditions  (100  percent  sun  time  and  120°  sun 
angle). 


With  the  above  definitions,  the  temperature 
of  the  spacecraft  interior  can  be  written  as : 

■=  AIt  + Bis  + Ch  + D ( 3.28 ) 

where  the  effects  of  the  external  inputs  and 
the  effects  of  the  spacecraft  parameters  have 
been  separated.  The  constants  A,  B,  C,  and 
D are  functions  of  the  spacecraft  geometry, 
surface  properties,  and  electrical  operation. 
The  equivalent  radiation  .inputs  (I)  are 
functions  of  the  external  environment  (ex- 
cept for  the  a/e  ratio  of  the  surfaces).  The 
spacecraft  constants  were  measured  experi- 
mentally in  various  tests  and  adjusted  when 


necessary  to  tolerable  values. 

Using  the  initial  design  values  given  in 
Table  8-4,  the  calculated  temperature  for  the 
spacecraft  interior  was  between  4°C  and 
23  °C.  The  actual  battery  temperature  would 
increase  under  overcharge  conditions  to  the 
temperature  cut-off,  which  was  set  at  32°C. 
The  minimum  temperature  would  be  lower 
than  4°C  due  to  transients,  which  are  esti- 
mated below. 

Transients 

Temperature  fluctuations  from  two  sources 
were  expected  to  be  important:  (1)  duty 
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cycles  of  the  equipment,  and  (2)  eclipses  of 
the  sun.  Initially  it  was  expected  that  when 
the  wideband  equipment  was  turned  on  and 
dissipated  two  to  three  times  the  average 
power,  the  spacecraft  temperature  would 
rise.  To  counteract  this  effect,  the  transistors 
of  the  wideband  power-supply  regulators 
were  removed  to  the  bottom  of  the  spacecraft, 
and  the  traveling  wave  tubes  were  positioned 
so  that  much  of  their  heat  would  go  directly 
to  the  spacecraft  bottom.  The  result  of  these 
efforts  was  that  the  temperature  actually  de- 
creased slightly  when  the  wideband  equip- 
ment was  operated. 

The  temperature  drop  when  the  spacecraft 
enters  the  shadow  of  the  earth  depends  pri- 
marily on  the  time  in  eclipse  and  the  space- 
craft time  constant.  It  was  shown  earlier 
that  this  would  be  over  fifty  degrees  unless 
the  spacecraft  was  insulated.  With  the 
assumed  radiation  couplings  between  the  in- 
terior and  the  external  surfaces,  the  tem- 
perature drop  was  estimated  at  only  four 
degrees,  which  is  tolerable.  The  actual  drop 
was  affected  by  cut-off  of  solar  power  which 
decreased  internal  dissipation  and  tended  to 
increase  the  temperature  drop.  However,  the 
mass  of  the  solar-cell  panels,  neglected  so 
far,  delayed  the  falling-off  of  temperature, 
and  therefore  the  transient  was  small.  The 
expected  temperature  drop  was  therefore 
about  four  degrees,  and  the  spacecraft  time 
constant  was  slightly  over  ten  hours. 

Conclusions 

The  final  thermal  design  resulted  from 
modifications  necessitated  by  refinements  in 
the  calculations  and  inputs  from  other  areas. 
Probably  the  most  important  change  was  that 
the  thermal  coupling  to  the  solar  panels  had 
to  be  increased  due  to  structural  difficulties, 
and  this  had  several  results.  Little  effect  was 
produced  on  the  average  temperature  since 
the  panels  and  interior  are  close  in  tempera- 
ture. The  increase  in  the  temperature  drop 
during  eclipse  was  partially  offset  by  the  in- 
crease in  spacecraft  weight  to  172  pounds. 
The  fractional  thermal  coupling  to  the  bot- 
tom decreased  since  the  coupling  to  the  sides 
had  increased.  This  factor,  with  several 


other  necessary  changes,  decreased  the  effect 
of  the  active  thermal  controller  to  a value 
smaller  than  had  been  anticipated,  but  it  was 
still  adequate. 

The  average  battery  temperatures  were 
expected  to  be  in  the  0°C  to  30°C  range,  with 
most  of  the  interior  of  the  spacecraft  also  in 
the  same  range.  This  was  accomplished  with 
relatively  minor  modifications  (determined 
mainly  by  structural  and  solar  power  con- 
siderations) to  the  spacecraft  design.  The 
weight  for  thermal  control  was  3.70  pounds, 
about  two  percent  of  the  spacecraft  weight, 
which  included  the  active  thermal  controller 
and  the  twenty-two  thermistors  for  reporting 
temperatures.  While  a smaller  temperature 
range  is  always  desirable,  the  range  achieved 
was  a satisfactory  compromise  in  view  of 
the  equipment  requirements  as  well  as  the 
weight  and  cost  of  additional  temperature 
control. 

COMPONENTS 
Coatings  and  Finishes 

General 

The  critical  surfaces  for  spacecraft  ther- 
mal control  and  the  measured  properties  of 
these  surfaces  are  listed  in  Table  3-5.  The 
other  spacecraft  surfaces  were  those  of  the 
unfinished  aluminum  structure,  and  most  of 


Table  3-5. — Thermal  Properties  of  Surfaces 


e 

a A 

Value 

Method 

Value 

Method 

External  surfaces 

Solar  cells,  individual 

.91 

C-T 

.91 

C-T 

Solar  cells,  panel 

.86 

S-P  i 

.98 

S-S 

PV-100  paint  sprayed  on 

.90 

C-T 

.35 

C-T 

aluminized  mylar. 

Internal  surfaces 

Inside  of  solar  cell  panels  __ 

.13 

C-S 

Insde  of  thermal  model  panels.. 

.14 

C-S 

Aluminized  mylar  on  active 

.08 

C-S 

thermal  controller. 

.07 

S-P 

Test  Methods 

C-S  Calorimetric  Steady  State 
C-T  Calormetrie  Transient 
S-P  Spectrometer 
S-S  Solar  Simulator 


50 


RELAY  I— PART  I 


the  electrical  subsystem  housing  surfaces 
which  were  painted  black.  The  batteries 
were  painted  white  for  reasons  other  than 
thermal. 

The  thermal  design  goal  was  maximum 
emittance  on  all  external  and  internal  sur- 
faces, except  for  the  inside  of  the  solar 
panels  and  the  active  thermal  controller  sur- 
face. The  absorptivity/emissivity  ratio  was 
minimized  on  the  top  and  bottom  surfaces -pf 
the  spacecraft.  In  most  cases  the  measured 
values  were  in  close  agreement  with  the 
values  upon  which  the  original  thermal  de- 
sign was  based. 

External  Surfaces 

The  spacecraft  sides  consisted  of  eight 
aluminum  honeycomb  panels  covered  with 
solar  cells  having  a total  area  of  2900  square 
inches.  The  P-on-N  silicon  solar  cells  (Hoff- 
man) were  1x2  centimeters  and  were  cov- 
ered with  0.060-inch  thick  Corning  fused 
silica  glass  (7940).  The  cover  glass  included 
a blue  filter  having  a cut-on  at  435  ± 15 
millimicrons.  The  thermal  properties  of  the 
solar  cells  were  measured  for  individual  cells 
and  also,  as  will  be  described  later,  for  a 
complete  panel. 

The  spacecraft  bottom  (larger  end)  was 
covered  with  a thermal  shield  of  0.001-inch 
thick  mylar,  fastened  with  zippers,  and  slit 
to  allow  for  vibration  flexing  of  the  panels. 
Its  area  was  560  square  inches.  The  mylar 
was  aluminized  on  both  sides  for  adhesion 
purposes  and  then  painted  with  PV-100. 
The  composition  of  the  PV-100  paint  and  the 
results  of  an  ultraviolet  test  are  shown  in 
Table  3-6.  The  data  shows  an  increase  of 
approximately  15  percent  in  a/e  for  a one- 
year  equivalent  of  normal  solar  radiation, 
since  the  solar  radiation  would  usually  strike 
this  surface  at  a low  angle  of  incidence 
(maximum  of  30°  from  surface),  much  less 
browning  of  the  PV-100  was  expected  in 
orbit. 

The  spacecraft  top  (wideband  antenna 
end)  was  covered  with  a similar  mylar  shield 
having  an  area  of  185  square  inches.  How- 
ever, the  inside  surface  was  aluminized  but 


Table  3-6 .—Composition  and  Ultra-Violet  Test 
of  PV-100 


Composition  of  PV-100 

26.1% 

30% 

22.3% 

11.7% 

Xylol  

4.4% 

.03% 

Following  are  mixed  together  and 
ground  in  pedestal: 

Manganese  naphthanat-e  - - 

.17% 

Lead  naphthanate,  6% 

1.09% 

Mineral  spirits  . 

2.3% 

Xylol  * -- 

11.4% 

\nti-slnmrmng  agant  - 

•27% 

Ultraviolet  test  of  PV-100 


Equivalent  months  in  space 

a/* 

a 

e 

0 

.35 

.33 

.94 

3 

.35 

.31 

.87 

6 

.37 

.35 

.93 

12 

.41 

.35 

.85 

Test  lamp  = 4- watt  G.E.  germicidal  ultraviolet  lamp 


not  painted.  A low  emittance  of  the  inner 
top  surface  was  needed  to  minimize  the  radi- 
ative coupling  to  the  top. 

Internal  Surfaces 

The  active  thermal  controller  was  covered 
with  aluminized  mylar  to  provide  a radiation 
heat  shield  when  closed.  The  covering  was 
mylar  film,  type  C,  0.001-inch  thick,  alumi- 
nized to  a maximum  visual  reflectivity  speci- 
fication on  both  sides.  For  low  friction  in  a 
vacuum  environment,  some  aluminum  parts 
of  the  controller  were  anodized  and  then 
coated  with  Emvalon  310  (thickness  0.0005 
inch  nominal  to  0.0007  inch  maximum) . 

About  half  of  the  inner  surface  area  of  the 
solar-cell  panels  was  covered  with  a radia- 
tion heat  shield.  This  shield  consisted  of  a 
sheet  of  mylar  aluminized  on  one  side.  The 
mylar  was  bonded  to  the  panel  in  spots  to 
minimize  direct  contact  with  the  panel. 

Test  Methods 

The  technique  used  for  each  measurement 
is  indicated  in  Table  3-5.  For  the  steady  state 
calorimetric  method,  an  electrical  heater  is 
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contained  inside  the  sample,  and  the  emit- 
tance  is  determined  from  the  electrical  power 
input,  the  sample  equilibrium  temperature, 
and  the  temperature  of  the  vacuum  chamber 
walls.  The  transient  calorimetric  method 
requires  the  use  of  a carbon  arc  solar  simu- 
lator. The  thermal  emissivity  is  determined 
from  the  rate  of  change  of  sample  tempera- 
ture, and  the  absorptivity-emissivity  ratio 
is  determined  from  the  equilibrium  temper- 
ature. 

In  the  spectrometer  method,  the  normal 
reflected  light  from  a surface  illuminated 
with  total  hemispherical  illumination  was 
measured  as  a function  of  wavelength.  The 
final  value  used  was  the  average  over  the 
spectral  band  of  interest. 

A solar  simulator  test  on  a larger  scale 
was  used  to  measure  the  absorptivity  of  a 
solar-cell  panel  since  this  factor  was  espe- 
cially critical  in  the  thermal  design  of  the 
spacecraft.  A typical  panel  was  suspended 
in  a six-foot  diameter,  ten-foot  deep  vacuum 
chamber,  and  its  solar-cell  surface  was  illu- 
minated by  a pair  of  carbon  arc  lamps  used 
in  solar  simulation  tests  on  the  Relay  I 
spacecraft.  The  thermally  black  chamber 
walls  were  maintained  at  a temperature  of 
— 110°C.  The  average  intensity  incident  on 
the  panel  was  measured  by  reading  the  short- 
circuit  current  of  four  pre-calibrated 
solar  cells  suspended  in  front  of  the  panel  in 
the  path  of  the  arc-lamp  beam.  The  equili- 
brium temperature  of  twenty-five  evenly 
distributed  points  on  the  front  and  back 
surfaces  of  the  panel  were  measured.  The 
back  and  side  surfaces  of  the  panel  were 
coated  with  a paint  of  known  emissivity. 
The  solar  cell  emissivity  of  0.86  had  been 
obtained  by  using  the  spectrometer.  The 
solar  absorptivity,  a,  of  the  outside  of  the 
solar  panel  was  then  determined  from: 

(cT4  — oTw4) 

° = “ AJS  (3.29) 

where  i designates  front,  side,  or  back  sur- 
face of  panel ; and 

u — the  emissivity  (tF  = 0.86,  «8  = 0.9, 

es  = 0.80) , 


Ai  — the  surface  area  (A F = 825.6  in-, 

As  = 41.3  in2,  Au  = 315.6  in2) , 

<r  = the  Stefan-Boltzman  constant 
(3.66  X 10-11  w/in2  degK4) , 

T4  = the  fourth  power  average  of  surface 
temperature, 

Tw  =t  the  chamber-wall  temperature 
(— 110°C), 

An  s=  the  projected  area  of  the  panel  to  the 
incident  light  beam  (A„  = 322  in2), 
and 

S — the  intensity  of  the  incident  light  beam. 

Three  tests  were  conducted,  using  different 
values  of  intensity,  S,  by  chopping  the  inci- 
dent light  beam.  The  following  results  were 
obtained : 


£(w/in2) 

a 

0.954 

0.825 

0.865 

0.825 

0.740 

0.870 

The  average  panel  absorptivity  is  0.840,  and 
the  average  absorptivity/emissivity  ratio  is 
0.975.  This  agrees  with  results  from  previous 
measurements  on  a single  cell. 

Temperature  Sensors 

General 

Twenty-two  temperature  sensing  circuits 
are  included  in  the  telemetry  subsystem  to 
evaluate  spacecraft  performance  and  for 
diagnostic  purposes.  The  six  circuits  asso- 
ciated with  the  batteries  are  also  used  to 
prevent  charging  of  a battery  when  its  tem- 
perature is  above  32° C.  No  discussion  is 
included  in  this  section  of  the  seven  tempera- 
ture sensing  circuits  (E39  and  E41  through 
E46)  of  the  radiation  effects  panel  which  was 
government  furnished  equipment. 

Description 

Each  temperature  sensing  circuit  was 
made  up  of  one  or  more  thermistors  and 
resistors.  Each  circuit  operates  from  a 9- 
volt  supply,  and,  for  the  desired  temperature 
range,  supplies  the  required  0 to  +5  volts 
needed  for  telemetry.  The  thermistors  are 
disc-type  elements,  coated  with  either  red 
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glyptol  or  RTV-20  silicon  rubber.  The  fin- 
ished component  is  a bead  approximately 
3/32  inch  in  diameter.  The  thermistor  pa- 
rameters are : a maximum  operating'  temper- 
ature of  150°C,  a dissipation  constant  of 
3 mw/°G  at  25°C,  a time  constant  of  10 
seconds,  and  a temperature  coefficient  of 
44%/°C.  All  resistors  are  RB55CE-F  wire- 
wound,  one-percent  resistors.  The  typical 
sensing  circuit  is  shown  in  Figure  3-21, 
where  RT1  is  the  thermistor  with  a resist- 


THERMISTOR 


Figure  3-21. — Temperature  sensor  circuit. 


ance  that  varies  with  temperature.  One  spe- 
cial circuit  uses  two  thermistors  to  extend 
the  range  down  to  — 130°C.  The  resistance 
values  used  for  each  range  of  temperatures 
are  shown  in  Table  3-7. 


Table  3-7 .—Temperature  Sensor  Resistor 


Sensors 

Range 
deg  C 

R1 

ohms 

R 2 
ohms 

A8-A11 

-50  to  40 

7,150 

9,760 

A12-A17 

-20  to  66 

2,740 

4,320 

Cl 

0 to  120 

12,400 

17,400 

C2-C10,  C12 

— 2 to  40 

0 

25,500 

Location 

The  thermistor  locations  are  listed  in  Table 
3-8  and  are  shown  in  the  diagram  of  Figure 
3-22.  Five  thermistors  (Cl,  C3,  C4,  C5,  and 
C6)  are  mounted  on  the  spacecraft  structure. 
The  mounting  bracket  is  a terminal  board 
centrally  drilled  to  accommodate  the  ther- 
mistor. The  thermistor  is  held  in  place  with 


epoxy.  Table  3-8  also  shows  that  the  telem- 
etry sensors  are  sampled  once  every  64 
seconds,  except  sensor  C8,  which  is  sampled 
once  per  second. 

Calibration 

Each  temperature  sensing  circuit  was  cal- 
ibrated as  a unit  because  the  nominal  accu- 
racy of  commercial  thermistors  does  not 
approach  the  desired  circuit  accuracy.  Also, 
the  calibration  serves  as  a verification  of  the 
circuit  design. 


Table  3-8. — Specifications  on  Temperature  Sensors 


Sensor 

T/M 

comm. 

Function 

Data 

range 

Accu- 

racy 

A8 

28/49 ^ 

Solar  panel  No.  3B-1 

-50  to  +40°C 

±2.5°C 

A9 

28/57 ' 

Solar  panel  No.  3B-2 

-50  to  -M0°C 

±2.5°C 

A10 

28/2  i 

Solar  panel  No.  4A-1 

-50  to  +40°C 

+ 2.5°C 

All 

28/10 

Solar  panel  No.  4A-2- 

-50  to  +40°C 

±2.5°C 

A12 

28/18 

Battery  temp.  1-1 

-20  to  +66°C 

± 2.5°C 

A13 

28/26 ; 

Battery  temp.  1-2 

-20  to  +66°C 

±2.5°C 

A14 

28/34 

B attery  temp  . 2-1  _ — : 

-20  to  +66°C 

±2.5°C 

A15 

28/42 

Battery  temp.  2-2 __  _ J 

—20  to  +66°C 

± 2.5°C 

A16 

28/50  1 

Battery  temp.  3-l____ 

-20  to  +66°C 

±2.5°C 

A17 

28/58 

Battery  temp.  3-2 

-20  to  +66°C 

±2.5°C 

Cl 

28/12 

TWT  collector  temp 

0 to  120°C 

+ 5°C 

C2  1 

28/20 

TT  and  C transmitter 

-2  to  40°C 

±2. 5°C 

C3 

28/28 

Structure  (beac.) „ 

— 2 to  40°C 

±2.5°C 

C4 

28/36 

Structure  (enc.)  

-2  to  40°C 

± 2.5°C 

C5 

28/44 

Structure  (WB  rec.)  _ - 

-2  to  40°C 

±2.5°C 

C6 

28/52 i 

Structure  (ring)__  _ 

— 2 to  40°C 

+ 2.5°C 

C7 

28/60 l 

Battery  structure  temp 

-2  to  40°C 

±2.5°C 

C8 

22 

Controller  sensor  

—2  to  40°C 

± 2.5°C 

C9 

28/5 

TWT  power  supply  No . 1 _ 

-2  to  40°C 

± 2.5°C 

CIO 

28/13 

TWT  power  supply  No.  2_ 

-2  to  40°C 

+ 2.5°C 

Cll 

28/21 

Lower  surface  temp 

-130  to  +5°C 

±5°C 

C12 

28/64 

Battery  structure  temp 

-2  to  40°C 

±2.5°C 

The  accuracy  of  the  temperature  sensing 
circuits  in  the  integrated  spacecraft  was 
tested  during  the  prototype  thermal  gradient 
test  by  comparing  the  telemetered  tempera- 
tures with  the  readings  of  thermocouples 
placed  near  each  thermistor.  Comparisons 
were  made  at  eleven  locations  where  the 
thermistors  were  not  located  inside  compo- 
nents. The  temperatures  were  compared 
over  as  wide  a temperature  range  as  possible, 
during  periods  when  the  time-rate  of  change 
of  temperature  (as  indicated  by  the  thermo- 
couple) was  small.  The  results  of  the  com- 
parisons are  summarized  in  Table  3-9.  The 
representative  average  difference  is  +0.2°C, 
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Figure  8-22. — Thermistor  locations  in  prototype  spacecraft. 


a small  difference  which  proves  that  there  is 
no  significant  systematic  error  in  the  calibra- 
tion procedure.  The  two  and  three  degree 
differences  found  for  a few  pairs  can  be 
attributed  to  the  difference  in  the  mounting 
of  a thermistor  and  its  corresponding  ther- 


Table  3-9 . — Thermistor-Thermocouple  Comparison 


Battery  thermistor 

Thermocouple 

Average 
difference 
degrees  C, 

Standard 
deviation 
degrees  C. 

A13 

T21 

0.3 

±0.1 

A14 

T25 

-0.5 

±0.7 

A15 

T25 

-0.5 

±0.7 

A16 

T21 

0.2 

±0.3 

A17 

T21 

-0.4 

±0.3 

C12 

T23 

0.1 

±0.6 

Average 

-0.1 

±0.5 

Structure  thermistor 

Cl 

T42 

-2.0 

.±0.8 

C3 

T41 

-2.9 

±0.3 

C5 

T43 

-1.1 

±0.9 

C6 

T44 

2.9 

±0.6 

C8 

T24 

0.1 

±0.5 

Average 

-0.8 

±0.7 

Grand  Average  of  All  Readings 

-0.2 

±0.6 

mocouple.  The  compounded  standard  devia- 
tion of  ±=  0.6°C  was  much  better  than  the 
specification  requirement  of  ± 2.5° C. 

Active  Thermal  Controller 

Design  Philosophy 

The  spacecraft  thermal  design  is  basically 
a passive  one,  with  the  active  controller 
reducing  the  temperature  range  and  pro- 
viding an  extra  margin  of  safety.  High 
reliability  is  provided,  since  the  spacecraft 
probably  would  operate  even  if  the  controller 
failed.  After  the  first  model  of  the  active 
thermal  controller  was  built  and  tested  in  a 
spacecraft,  the  design  was  reviewed  and 
careful  consideration  given  to : (1)  providing 
a second  controller  at  the  other  end  of  the 
spacecraft,  and  (2)  omitting  the  active  con- 
troller. It  was  concluded  that  the  controller 
provided  a significant  and  measurable  reduc- 
tion in  temperature  range  and,  thus,  contrib- 
uted to  the  system  reliability.  While  addi- 
tional control  would  have  been  desirable,  a 
second  controller  installation  was  not  con- 
sidered to  be  warranted. 

In  orbit,  the  spacecraft  spin  axis  is  nomi- 
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nally  perpendicular  to  the  sun’s  rays  making 
the  ends  of  the  spacecraft  colder  than  the 
sides.  The  active  thermal  controller  changes 
the  amount  of  heat  radiated  from  the  com- 
ponents to  the  colder  bottom  surface  of  the 
spacecraft.  When  the  battery  temperature 
is  above  20  °C,  the  controller  is  open,  per- 
mitting the  heat  to  flow.  Battery  tempera- 
tures below  6°C  cause  the  controller  to  close, 
preventing  excessive  heat  loss  from  the 
spacecraft.  The  mylar  covering  next  to  the 
spacecraft  mounting  ring  is  coated  with  a 
highly  emissive  paint  and  is  used  as  a sink 
for  the  heat  radiated  from  the  payload. 
The  thermal  coupling  from  the  payload  to  the 
bottom  is  thus  changed  by  the  action  of  the 
controller. 

Description 

The  controller  is  a flat,  circular  device 
weighing  3.6  pounds,  mounted  perpendicular 
to  the  spacecraft  spin  axis,  7 inches  above 
the  bottom  surface.  The  major  components 
are  a shutter,  an  actuator  for  the  shutter, 
and  a temperature  sensor.  The  controller  is 
shown  in  Figures  3-23  and  3-24. 

The  shutter  consists  of  two  24.6-inch  diam- 
eter discs  parallel  to  each  other  and  separated 
by  1/16  inch.  Each  disc  is  made  of  aluminum 
tubing  supports  with  32  pie-shaped  sectors. 
Alternate  sectors  are  covered  with  one-mil 
mylar  which  has  been  coated  with  a thin 
layer  of  aluminum  on  each  side.  The  remain- 


Figure  3-23.— Active  thermal  controller. 


Figure  3-24. — Drawing  of  active  thermal  controller. 

ing  sectors  are  left  uncovered.  The  lower  disc 
is  fixed  to  the  spacecraft  structure,  and  the 
upper  disc  is  fastened  to  a movable  central 
ring  coupled  by  a lever  mechanism  to  the 
actuator  rod.  The  periphery  of  the  upper  disc 
is  supported  at  several  points  in  a groove 
3/16  inch  wide.  All  contact  points  are  coated 
with  a special  paint  (Emvalon)  to  avoid 
direct  metal-to-metal  contact  and  to  reduce 
friction. 

The  shutter  is  opened  or  closed  by  the  rota- 
tion of  the  upper  disc  relative  to  the  lower. 
This  rotation  is  produced  by  linear  motion  of 
the  actuator  shaft.  The  total  controllable 
area  is  180  square  inches. 

The  temperature  sensor  (see  Figure  3-25) 
is  mounted  on  one  of  the  battery  boxes  (box 


1 BELLOWS 

2 SULFUR  DIOXIDE  CHARGING  TUBE 

* N -BUTYL  ALCOHOL  CHARGING  TUBE 

4 TUBE  TO  ACTUATOR 

5 COIL-SPRING  SYSTEM 

Figure  3-25.^ — Temperature  sensor. 


STRUCTURAL  AND  DYNAMIC  CONSIDERATIONS  IN  SPACECRAFT  DESIGN 


55 


# 2)  since  the  battery  temperature  is  critical 
in  the  thermal  design.  The  sensor  consists  of 
a bellows  containing  saturated  sulfur  dioxide 
liquid  gas.  The  S02  provides  the  prime  force 
required  to  move  the  shutter.  Since  the  S02 
pressure  is  always  positive,  springs  are  re- 
quired for  a counteracting  force.  The  bellows 
and  springs  are  housed  in  a cylindrical  con- 
tainer 2-5/16  inches  in  diameter  and  1-3/8 
inches  high.  The  cylinder  volume  outside  of 
the  bellows  is  filled  with  N-butyl  alcohol.  This 
hydraulic  fluid  transmits  the  bellows  dis- 
placement to  the  actuator  mechanism  via  a 
capillary  tube  having  an  outside  diameter  of 
1/8  inch  and  a length  of  18  inches. 

The  actuator  (see  Figure  3-26)  consists 
of  a bellows  within  a cylinder  1-1/2  inches  in 
diameter  and  2-3/32  inches  long.  As  the 
pressure  exerted  by  the  alcohol  outside  the 
bellows  is  increased,  the  bellows  contracts, 
imparting  a linear  motion  to  a rod  attached 
to  its  free  end.  When  the  pressure  is  de- 
creased, the  bellows  and  rod  are  forced  in  the 
opposite  direction  by  the  action  of  a coil 
spring  located  inside  the  bellows  and  mounted 
concentrically  with  the  rod.  The  total  rod 
displacement  is  limited  by  an  adjustable  stop 
to  0.362  inch.  The  rod  drives  one  end  of  a 
lever,  pinned  in  the  middle.  The  other  end  of 
the  lever  is  hinged  to  a member  which  drives 
the  movable  shutter  disc. 


Mechanical  Performance 

Actuator  displacement  as  a function  of 
sensor  temperature  was  measured  before 
mounting  the  actuator  on  the  shutter.  Tests 
were  conducted  in  vacuum  with  the  actuator 
rod  moving  against  a two-pound  dead  load ; 
the  measured  hysteresis  curves  are  shown  in 
Figure  3-27.  Further  tests  of  the  complete 
system  were  conducted  in  which  the  actual 
rotation  of  the  controller  shutter  was  meas- 
ured as  a function  of  sensor  temperature, 
resulting  in  similar  hysteresis  curves.  Then, 
conducted  in  air,  the  curves  were  translated 
to  higher  temperatures,  since  the  effective 
pressure  of  the  S02  is  reduced  by  the  atmos- 
pheric pressure  against  which  the  sensor- 
actuator  system  must  work.  Performance 
was  predicted  from  test  data  obtained  in  air 
by  use  of  the  temperature  conversion  chart 
shown  in  Figure  3-28.  This  conversion  data 
was  calculated  from  the  S02  vapor  pressure 
curve. 

In  addition  to  measurements  made  in  air, 
hysteresis  curves  in  vacuum  have  been  ob- 
tained from  thermal  gradient  tests  and  solar 
simulation  tests  for  several  controllers.  The 
controllers  for  the  prototype  and  flight  model 
No.  1 spacecraft  were  completely  closed  at 
9 zb  2°C  and  completely  open  at  18  zb  2°G. 


Figure  3-27. — Temperature  range  for  thermal 
controllers. 


1 EXTERNALLY  THREADED  BUSHING  LINED  WITH  TEFLON  SLEEVE 

2 LOCKING  NUT 

3 BUSHING,  EXTERNALLY  AND  INTERNALLY  THREADED 

4 LOCKING  NUT 

5 BELLOWS 

6 SPRING 

7 TUBE  FROM  TEMPERATURE  SENSOR 

8 SHAFT 

9 STOP 


Figure  3-26, — Actuator. 
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Thus,  these  controllers  performed  within  the 
required  6°C  to  20 °C  range. 

Thermal  Performance 

A measure  of  the  effectiveness  of  the  ther- 
mal controller  is  the  degree  to  which  it 
changes  the  thermal  coupling  between  com- 
ponents and  the  bottom  surface.  (This  cou- 
pling, C,  can  be  defined  as  the  rate  of  change 
of  <jTa  of  the  components  with  respect  to  the 
thermal  irradiance  on  the  bottom.)  The 
values  of  thermal  coupling  obtained  in  ther- 
mal gradient  tests  of  the  thermal  model  and 
the  prototype  are  listed  in  Table  8-10  for  the 
controller  in  both  the  open  and  closed  posi- 
tions. In  all  cases  the  fractional  coupling 
increased  with  the  controller  open.  The 
actual  increase  ranged  from  a maximum  of 
0.11  to  a negligible  0.008,  yielding  an  average 
of  0.06.  The  change  is  smaller  than  average 


Table  3-10.— Effect  of  Controller  on  Thermal 

Coupling 


Component 

| 

C (open) 

| C (closed)  | 

AC 

Thermal 

model 

Proto- 

type 

Thermal 

model 

Proto- 

type 

Thermal 

model 

Proto- 

type 

Telemetry  . . 

.22 

.18 

.18 

.18 

.04 

.00 

Sensor 

.27 

.20 

.07 

Battery  center  ... 

.24 

.27 

.20 

.17 

.04 

.10 

Battery,  edge. ^ _ _ _ 

.24 

.18 

.06 

Encoder. j 

.23 

i .19 

.16 

.04 

WB  recorder  (1) 

.26 

.22 

.19  j 

16 

.07 

.06 

TWT  power  supply.  _ 

.29 

.28 

.24 

.22 

.05 

.06 

Average..  . . 

.246 

.243 

.200 

.181 

,046 

.058 

for  the  telemetry  transmitter  and  larger  than 
average  for  the  TWT  Power  Supply,  as 
expected,  since  they  are  respectively  farther 
from,  and  closer  to,  the  bottom  than  are  the 
other  components.  This  change  in  coupling 
to  the  bottom,  with  some  secondary  effects 
from  other  coupling  factors,  produces  the 
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desired  temperature  change.  The  agreement 
among  the  different  tests  is  satisfactory,  con- 
sidering the  final  modifications  to  spacecraft 
design.  The  increase  in  A C from  the  model 
to  the  prototype  reflects  the  modifications 
made  to  improve  controller  effectiveness. 

The  total  coupling  from  the  components  to 
space  is  about  800  square  inches.  Multiply- 
ing this  by  the  fractional  coupling  C,  the 
coupling  to  the  bottom  is  190  square  inches 
for  the  controller  open  and  140  square  inches 
with  the  controller  closed.  The  difference  of 
50  square  inches  can  be  compared  with  the 
180  square  inches  of  controller  area  that 
actually  opens  and  closes.  The  decrease  is 
due  to:  (1)  location  of  the  controller  inside 
the  spacecraft  to  minimize  the  ratio  of 
moments  of  inertia,  (2)  the  structural  mem- 
bers through  the  controller,  (3)  the  neces- 
sary increase  in  area  of  the  collar  for  mount- 
ing transistors,  and  (4)  struts  through  the 
controller  to  support  the  encoder  and  wide- 
band receiver.  Because  of  internal  reflec- 
tions, the  coupling  from  the  painted  mylar 
surface  to  the  lower  fitting  increases  when 
the  controller  is  closed.  A network  calcula- 
tion of  the  coupling  from  the  components  to 
outer  space  results  in  230  and  160  square 
inches,  respectively,  for  the  controller  open 
and  closed — in  rough  agreement  with  the  190 
and  140  square  inches  derived  experimen- 
tally. 

Table  3-11  lists  temperatures  calculated 
for  the  probable  extreme  thermal  conditions 
which  the  batteries  would  experience  in 
orbit.  The  coupling  factors  obtained  from 


Table  3-11. — Calculated  Battery  Temperatures 


Sun  angle 
degrees 

Thermal 

condition 

i 

Battery  temp,  with  1 
controller  open 
degrees  C 

Battery  temp,  with 
controller  closed 
degrees  C 

60 

16.5 

20.6 

90 

Hot 

14.2 

21.0 

120 

16.6 

17.0 

60 

5.2 

6.9 

90 

Cold 

3.4 

7.2 

120 

3.8 

4.3 

the  prototype  thermal  gradient  test  were 
used  in  these  calculations. 

While  the  effect  of  the  thermal  controller 
at  the  120°  sun  angle  is  small,  its  value 
increases  significantly  at  lower  sun  angles. 
It  is  most  effective  at  the  90°  sun  angle,  an 
attitude  experienced  more  often  by  the  space- 
craft than  the  60°  and  120°  extremes.  Since 
extreme  temperatures  have  a pronounced 
effect  on  battery  performance,  the  average 
decrease  of  5°C  by  the  active  thermal  con- 
troller is  significant  in  improving  spacecraft 
life  and  reliability. 

Traveling  Wave  Tube 

Introduction 

During  wideband  operation,  the  collector 
end  of  the  traveling  wave  tube  dissipates 
more  heat  (50  w)  than  any  other  spacecraft 
component.  The  required  duty  cycle  is  36 
minutes  during  each  of  three  consecutive 
orbits  (the  orbit  period  is  163  minutes). 

The  initial  thermal  design,  during  both  the 
study  phase  and  the  initial  spacecraft  design, 
included  a heat  sink  for  the  tube  such  that  the 
combination  was  a self-contained  unit.  The 
design  required  a thermal  mass  of  one  or 
two  pounds  and  a relatively  small  radiating 
area  of  25  to  50  square  iches.  The  thermal 
mass  absorbed  the  heat  during  the  36  min- 
utes of  operation  and  radiated  it  during  the 
two  hours  between  operations. 

The  alternate  design  finally  chosen  was 
radically  different.  The  tube  was  relocated, 
and  the  spacecraft  structure  was  used  as  both 
heat  sink  and  radiator.  Relocation  of  the 
tube  was  decided  after  careful  consideration 
of  the  vibration  analysis  and  the  moment  of 
inertia  of  the  spacecraft  as  well  as  the  ther- 
mal requirements.  The  result  was  an  equiv- 
alent thermal  mass  with  no  weight  penalty, 
plus  a greatly  increased  radiating  area  (350 
square  inches)  . 

The  interface  with  the  tube  design  (RCA, 
Electronic  Components  and  Devices,  Harri- 
son, N.  J.)  was  set  by  mutual  agreement, 
with  consideration  given  to  the  thermal 
problems  in  both  the  tube  design  and  in  the 
spacecraft  design.  The  basic  requirement 


58 


RELAY  I— PART  I 


was  that  the  maximum  temperature  of  the 
collector  inside  the  tube  be  less  than  220°C, 
and  preferably  less  than  180°C.  The  inter- 
face decision  was  that  the  lower  fitting,  to 
which  the  tube  was  to  be  attached  by  a flex- 
ible metal  strap,  was  to  be  held  below  80°C 
for  power  dissipation  up  to  50  watts. 


Theory 

Most  of  the  spacecraft  heat  was  dissipated 
by  the  12  struts  of  the  spacecraft  frame 
which  were  connected  to  the  lower  fitting. 
An  analysis  of  the  temperature  along  a uni- 
form strut  shows  that  it  can  be  character- 
ized by  an  effective  length  le,  given  by 


_ KA 
_^(4crTo3) 

(5.4  w/deg-in)  (0.15  in2) 

~ (0.2)  (6  in)  (0.004  w/deg-in2) 


where  K is  the  thermal  conductivity ; A,  the 
cross  section  area;  «,  the  emissivity;  p,  the 
perimeter;  T0  a nominal  temperature,  and 
o-  the  Stefan-Boltzmann  constant. 

In  the  steady  state,  the  difference  between 
the  temperature  on  the  strut  and  the  sur- 
rounding temperature  can  be  approximated 
by  an  exponentially  decreasing  function ; the 
distance  over  which  this  difference  falls  to 
1/e  of  its  value  is  defined  as  the  effective 
length. 

The  effective  radiating  area  R for  the  12 
struts  is: 


R = 12  c p le  ~ 200  in2 

and  the  effective  thermal  mass*  is: 

me  = 12  p le  Ac  ~ 1000  w-sec/deg 

where  c is  the  specific  heat,  and  p is  the 
density  of  aluminum  (0.098  lb/in3). 

Some  heat  will  also  be  absorbed  and  radi- 
ated by  the  lower  fitting  itself,  by  parts  of 
the  tube,  and  by  other  adjacent  parts.  The 
actual  effective  area  and  mass  would  be 
expected  to  be  larger  than  these  calculated 
numbers,  since,  during  the  design  phase, 
these  numbers  were  used  as  a conservative 
approach. 

The  steady  state  rise  in  temperature  can 


then  be  calculated  to  be: 


R(4aTos) 


= 60° 


where  q is  the  power  dissipated  (50  w). 

However,  this  temperature  would  not  be 
reached  during  the  normal  duty  cycle;  the 
calculated  maximum  temperature  rise  of  the 
lower  fitting  is  only: 


[tR(4<r77)  1 
1 — e mc  J 

= 45° 

Since  the  maximum  surrounding  temper- 
ature is  expected  to  be  25°C,  the  calculated 
maximum  temperature  of  the  lower  fitting 
is  70  °C,  or  ten  degrees  below  the  upper  limit. 


Test  Results 

The  temperature  rise  and  fall  of  the  lower 
fitting  during  wideband  operation  was  mon- 
itored in  many  tests,  both  with  a thermo- 
couple and  a thermistor.  The  numbers  used 
for  the  calculations  were : 

1.  The  initial  temperature,  TL 

2.  The  initial  rate  of  temperature  rise  S 
when  the  wideband  sub-system  was  turned 
on, 

3.  The  maximum  temperature,  TM,  and 

4.  The  initial  rate  of  temperature  drop  S 
when  the  wideband  sub-system  was  turned 
off. 

Assuming  a simple  isotheihnal  mass,  the 
thermal  mass  and  radiating  area  are  then 
given  by: 

q 

me  — -A- 

M=z$-(*Tu4-'rTLi)  in2 

where  q,  the  electrical  power,  was  taken  as 
50  watts. 

The  parameter  values  calculated  from 
various  tests  are  presented  in  Table  3-12. 
For  the  flight  model  No.  1 spacecraft,  the 
average  measured  thermal  mass  is  4800 

*The  temperature-time  curve  will  not  be  that  of 
an  isothermal  mass ; this  value  is  obtained  by 
equating  the  area  under  the  two  curves. 
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Table  3-12 .-—Troweling  Wave  Tube— Thermal 
Parameters  Analysis  at  Lower  Fitting 


Test 

sh 

Sc 

Tl 

Tm 

me 

1 R 

deg  C 
sec 

deg  C 
sec 

deg 

C 

deg 

c 

w-sec 

deg 

in2 

Thermal  gradient 
tests 

Therm,  mod . 

5 Dec  61 

0.008 

0.004 

0 

15.5 

6200 

490 

Prototype 

10  Apr  61; 

0.016 

0.009 

-9 

14 

3100 

390 

Prototype — 

24  Aug  62 

0.024 

0.015 

35 

53.5 

2100 

360 

Solar  simulation  tests 

Prototype 

Day  3 

0.009 

0.004 

18.5 

37 

5500 

340 

FM1 | 

Day  1 

0.011 

0.004 

23 

40 

4500 

330 

FM  1 ! 

Day  2 

0.011 

0.005 

23 

40 

4500 

340 

FM  1 

Day  3 

0.010 

0.005 

23 

42 

5000 

350 

w-sec/deg,  which  corresponds  to  over  ten 
pounds  of  aluminum;  this  is  considerably 
greater  than  1000  w-sec/deg  calculated 
theoretically.  The  measured  average  radi- 
ating area  of  340  square  inches  is  also  larger 
than  the  theoretical  200.  Part  of  this  is  due 
to  the  conservative  assumptions  that  were 
made,  and  part  of  it  reflects  the  fact  that  not 
all  of  the  50  watts  are  being  dissipated  at 
the  lower  fitting.  The  use  of  a pressurized 
TWT  in  the  flight  model  No.  1 spacecraft 
requires  a capsule  which  radiates  more  heat 
in  the  tube  case,  and  therefore  less  is  con- 
ducted to  the  lower  fitting. 

The  net  result  is  that  the  expected  maxi- 
mum temperature  of  the  lower  fitting  is 
45°C,  compared  with  the  80°C  to  which  the 
tube  is  tested.  This  margin  allows  for  the 
use,  in  other  spacecraft,  of  unpressurized 
tubes  or  for  extended  operation  of  the  wide- 
band sub-system  beyond  the  36  minutes 
required.  The  latter  actually  occurred  in  the 
Relay  I spacecraft  and  no  harm  was  done  to 
the  tube. 

Design  Verification 

Thermal  Model 

The  initial  thermal  design  was  improved 
with  subsequent  refinement  of  the  detailed 
mathematical  calculations.  The  calculations, 
however,  were  always  subject  to  limitations 
in  the  number  of  bodies  that  could  be  taken 
and  in  the  calculation  of  the  thermal  cou- 


pling between  each  pair  of  bodies.  As  a 
physical  verification  of  the  thermal  design,  a 
thermal  model  of  the  spacecraft  was  built 
and  tested  in  a vacuum  chamber.  This  test, 
plus  subsequent  tests  with  the  prototype  and 
flight  model  spacecraft,  yielded  data  that 
could  be  used  to  predict  flight  temperatures 
with  increasing  accuracy. 

The  thermal  model  was  built  with  a struc- 
ture identical  to  the  actual  spacecraft  and 
duplicated,  as  closely  as  possible,  the  thermo- 
dynamic and  geometric  properties  of  the  ac- 
tual spacecraft.  All  the  black  boxes  were  of 
the  same  general  shape  and  weight  as  the 
actual  components,  with  internal  electrical 
heaters  in  operation  to  simulate  the  electrical 
heat  sources.  Figure  3-29  illustrates  the 
nearly  completed  thermal  model.  It  was  then 
covered  with  panels  of  sheet  aluminum 
painted  black  on  the  outer  surface  to  simulate 
the  solar  cell  panels.  An  active  thermal  con- 
troller was  installed  complete  physically  but 
not  in  active  operation,  and  the  tests  were 
run  with  the  controller  either  in  the  open  or 
the  closed  position. 

Thermal-Vacuum  Tests 

The  spacecraft  was  mounted  in  the  vacuum 
chamber,  as  shown  in  Figure  3-30,  for  the 
thermal  model  test.  The  vacuum  chamber 
was  equipped  to  permit  control  of  the  side 
wall  temperatures.  Two  special  plates  were 
installed  in  the  chamber  to  control  heat  in- 
puts to  the  ends  of  the  spacecraft.  Aluminum 
foil  was  fastened  from  the  edges  of  the  plates 
to  the  spacecraft  edges  to  insure  that  each 
spacecraft  surface  would  be  exposed  only  to 
radiation  of  the  appropriate  temperature. 

Temperature  measurements  were  made  at 
30  locations  during  the  tests  and  were  re- 
corded automatically.  The  pressure  was 
maintained  at  10~5  mm  Hg.  While  later  tests 
of  actual  spacecraft  were  aimed  at  duplicat- 
ing the  external  radiation  inputs  of  actual 
flight,  the  thermal  model  test  was  directed 
toward  measuring  the  basic  spacecraft  ther- 
mal constants.  Transient  tests  were  used  to 
determine  the  spacecraft  time  constant. 
Steady  state  tests  were  used  to  determine  the 
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Figure  3-29. — Project  Relay  thermal  model. 


fractional  coupling  constants,  from  the  equa- 
tion: 

u T4  — — AIr  “I-  Big  -|-  Cl  a -|-  D 

which  was  derived  on  page  47.  The  equiv- 
alent radiation  inputs  (7)  for  each  surface 
are  determined  by  the  corresponding  cham- 
ber wall  temperatures  (oT4),  and,  if  the 
interior  temperature  is  measured,  a relation 
is  obtained  between  the  four  constants:  A, 
B,  C,  andZ).  By  conducting  a series  of  tests, 
these  constants  may  be  uniquely  determined. 
When  these  constants  are  known,  predicted 
temperatures  can  be  calculated  for  any  de- 
sired condition  in  space. 

Some  of  the  fractional  coupling  coefficients 
calculated  from  temperatures  measured  dur- 
ing the  testing  are  listed  in  Table  3-13.  The 
method  of  calculation  was  slightly  different 
for  the  two  tests.  Thus,  for  the  thermal 
model,  the  three  coefficients  do  not  necessarily 
add  to  unity,  due  to  experimental  errors.  For 
the  prototype  test,  the  coefficients  were  con- 


Figure  3-30. — Orientation  of  the  spacecraft  in  the 
test  chamber. 


strained  to  add  to  unity.  Averaging  the  re- 
sults over  the  equipment,  the  correlation  with 
the  initial  design  value  is  good,  and  the 
agreement  between  the  thermal  model  and 
the  prototype  tests  is  excellent. 

Conclusions 

The  test  results  essentially  confirmed  the 
thermal  design  except  for  minor  modifications. 
After  the  thermal  model  test,  the  design  em- 
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Table  3-13. — Fractional  Coupling  Coefficients — Test  Results 


A 

B 

C 

D 

watts/in2 

Model  Proto. 

Model  Proto. 

Model  Proto. 

Model  Proto. 

Tel.  transmitter  — 

.10  .08 

.74  .74 

.18  .18 

.087  .059 

Sensor - __  __  , 

.05 

.75 

.20 

.058 

Battery,  center,  

.10  .05 

.81  .78 

.20  .17 

.050  .055 

Battery  1,  edge _ 

.08  

.73  

.18 

.058 

Encoder  — _ 

.06  .05 

.79  .79 

.19  .16 

.064  .060 

Battery  2..  _ „ 

.08  .05 

.78  .77 

.22  .18 

.046  .056 

WB  rec.  (1) _ — __  

.09  .07 

.72  .77 

.19  .16 

.046  .051 

TWT  pow.  supply - 

.12  .06 

.76  .72 

.24  .22 

.047  ,048 

Test  average,— 

.09  .06 

.76  .76 

.20  .18 

.057  .055 

Initial  design 

. . I 

.10 

.69 

.21 

.067 

phasis  did  shift  away  from  the  traveling 
wave  tube.  The  50  watts  dissipated  by  the 
TWT  had  been  of  considerable  concern,  both 
in  the  effect  on  the  tube  and  on  the  other 
components.  The  test  showed  that  the  tem- 
perature rise  in  the  tube  was  below  the 
temperature  limit  of  the  tube,  and  the  effect 
of  this  rise  in  temperature  on  the  other  elec- 
tronic components  was  negligible. 

From  the  test  results,  predictions  of  flight 
temperatures  were  made.  The  sources  of 
error  were  estimated  and  are  listed  in  Table 
3-14.  The  absorptivity-emissivity  ratio  of 
the  solar-cell  panels  was  thought  to  be  the 
most  important  source  of  error,  although 
later  comparison  with  flight  data  indicates 
this  error  was  probably  exaggerated.  The 
error  for  the  properties  of  the  other  surfaces 
was  less  and  was  significant  only  when  the 
sun  was  shining  on  the  ends.  While  there 
are  uncertainties  in  the  earth-reflected  and 
earth-emitted  radiation,  the  value  for  total 
radiation  incident  on  the  spacecraft  is  prob- 
ably accurate  to  two  percent. 

Measurements  of  internal  spacecraft  tem- 
peratures were  probably  accurate  to  1°C,  but 
the  average  wall  temperatures  were  more 
difficult  to  determine  and  may  be  in  error  by 
2°C.  Electrical  power  differences  were  in- 
cluded to  allow  for  any  differences  in  dissi- 
pation during  test  or  during  flight.  The 


Table  3-14. — Accwmcy 

| A T°C 

±4.3° 

±1° 

± 1° 

±2° 

± 3° 
±3° 
±2° 
±2° 

y 2(A T)%  = ± 7° 

Transients  (eclipse) ------ j +0°,  —2° 

Error  = 4-7°,  -9° 

vacuum  chamber  heat  leaks  were  due  to  im- 
perfections in  the  radiation  baffles  and  to  the 
support  required  to  hold  the  spacecraft.  The 
extrapolation  errors  are  those  resulting  from 
the  use  of  Equation  (3.21),  which  was  de- 
rived by  assuming  that  heat  transfer  is  pri- 
marily by  radiation ; this  introduces  no  error 
for  those  particular  flight  conditions  that 
were  simulated,  but  in  using  the  results  for 
other  flight  conditions,  a slight  error  is  in- 
troduced. Finally,  some  differences  can  be 
expected  between  one  spacecraft  model  and 
another.  The  total  error  was  equal  to  the 


Solar  cell  panels--.. 

«A  ±10%  ffTA  ±6% 

Top  and  bottom  surfaces 

ah  ±10%  *TA  ±1.7% 

Radiation  inputs  ±2%,_ 

Test  errors 

Temperature  measurements- 
Electrical  power  differences. 
Vacuum  chamber  heat  leaks. 

Extrapolation  errors. 

Differences  in  Models.  
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square  root  of  the  sum  of  the  squares,  and 
was  7°C. 

Transients  during  eclipse  were  not  in- 
cluded in  the  7°C.  The  original  estimate  of 
the  temperature  drop  during  a 40-minute 
eclipse,  based  on  an  isothermal  model,  was 
5°C.  During  test  transients,  drops  of  4 
deg/hr  were  observed  when  all  the  walls 
were  cooled  to  — 70  °C.  However,  consider- 
able lag  occurred  initially,  so  that  about  two 
hours  elapsed  before  this  cooling  rate  was 
established.  The  small  coupling  between  the 
solar  cell  panels  and  the  internal  package 
reduced  the  drop  in  battery  temperatures. 
The  final  estimate  was  about  2°C  and  may 
be  even  smaller.  The  final  estimated  error  in 
the  temperature  predictions  for  the  batteries 
was  +7°,  —9°,  as  given  in  Table  3-14. 

The  predicted  temperatures  for  100-per- 
cent suntime  are  shown  in  Figues  3-31  for 
various  thermistor  locations.  These  are  com- 
pared with  the  range  of  flight  temperatures 
during  the  first  month  of  normal  operation 
(January  1963)  of  Relay  I.  An  absorptivity/ 
emissivity  ratio  for  the  solar  panels  of  0.975 
was  used,  as  measured  for  an  entire  solar- 
cell  panel.  Locations  that  did  not  have  any 
strong  sources  of  heat  nearby  exhibited  only 
a narrow  range  of  temperatures;  for  these 
locations  the  agreement  between  the  pre- 
dicted and  observed  values  was  two  or  three 
degrees.  The  batteries  and  TWT  power  sup- 
plies have  wider  variations  of  temperature, 
due  to  their  internal  heating,  but  the  lower 
end  of  the  temperature  range  was  in  reason- 
able agreement  with  the  predicted  values, 
The  temperature  of  each  thermistor  was  well 
within  the  -f-7°C,  — 9°C  accuracy  anticipated 
before  launch.  In  conclusion,  the  comparison 
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Figure  3-31. — Observed  and  predicted  spacecraft 
temperatures  in  orbit  during  100  percent  suntime 
periods. 


of  the  predicted  and  observed  temperatures 
was  considered  excellent. 

Author.  This  chapter  was  written  by 
C.  C.  Osgood  and  G.  D.  Gordon  of  the  Radio 
Corporation  of  America,  Princeton,  New 
Jersey,  U.S.A.  under  contract  NAS  5-1272 
with  NASA/Goddard  Space  Flight  Center. 


Chapter  4 


Spacecraft  Performance 


INTRODUCTION 

The  Relay  I satellite  was  launched  and 
injected  into  a near  nominal  orbit  at  2330 
GMT,  13  December  1962.  Except  for  some 
early  difficulties  encountered  with  the  power 
system  and  for  many  command  system  anom- 
alies, the  spacecraft  performed  essentially  as 
designed.  Table  4-1  gives  a comparison  of 
the  actual  and  nominal  orbits  for  Relay. 


Table  4-1, — Relay  Orbit  Characteristics 


Item 

Nominal 

Actual 

Height  of  apogee _ . 

3999.48  nm 

4020.70  nm 

Height  of  perigee 

699.92  nm 

712.13  nm 

Period 

184.36  min 

185.09  min 

Eccentricity  _ _ 

0.28475 

0.28462 

Inclination . ... 

47.766  deg 

47.496  deg 

Right  ascension  of 

ascending  node 

217.22  deg 

218.74  deg 

Argument  of  perigee 

(injection). _ _ _ 

176.426  deg 

177.5  deg 

Nodal  rate  

— 1.2845  deg /day 

— 1.2779  deg/day 

Perigee  rate . 

1.2030  deg/day 

1.2123  deg/day 

The  Relay  spacecraft*  consists  of  a re- 
dundant wideband  communications  system, 
a radiation  experiment  package,  electrical 
power  system,  command  and  telemetry  sys- 
tem and  necessary  supporting  structure  (see 
Figure  4-1).  The  spacecraft  has  horizon 
and  sun  sensing  devices,  attitude  control  sys- 
tem, a precession  damper,  and  an  active 
thermal  controller.  It  has  the  general  shape 
of  an  octagonal  cylinder,  and  with  the  ex- 


ception of  the  top  and  bottom,  the  outer 
surface  is  completely  covered  with  solar  cells. 
Table  4-2  lists  some  physical  characteristics 
of  Relay  I. 


TABLE  4-2. — Spacecraft  Physicab  Characteristics 


Weight 

172  lb. 

Moments  of  inertia 

/roll _ _ 

17,925  lb~in2 

/pitch-  _ _ _ _ 

15,952  lb-in2 

Jyaw 

17,124  lb-in2 

/roll 

/yaw. 

1.104 

Measured  residual  magnetic  dipole  moment. 

0.06  amp-turn-meter2 

Torquing  coil  _ _ _ 

— 1.68  amp-turn-meter2 
4-1.53  amp-turn-meter2 

Measured  magnetic  dipole  moment. _ 

This  paper  will  discuss  the  performance  of 
each  system,  with  the  exception  of  the  radia- 
tion experiment  package.  Observed  perform- 
ance is  compared  with  prelaunch  or  expected 
data,  where  available  ; the  observed  anoma- 
lous performance  is  discussed,  and  some 
possible  explanations  are  given.  The  data 
used  here  were  reduced  by  the  Relay  Test 
Stations  and  were  provided  to  the  Commu- 
nications Operations  Center  at  Goddard 
Space  Flight  Center  (GSFC).  Figure  4-2, 
a functional  block  diagram  of  Relay,  shows 
the  major  telemetry  points  used  to  monitor 

*“Relay  I Spacecraft,”  GSFC  Doc.  No.  Rl-0100, 
11  August  1961. 
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1.  WIDE  - BAM)  ANTENNA  I I.  TT«C  ANTENNA 

2.  SOLAR  PANELS  12.  THERMAL  CONTROLLER 

3.  TELEMETRY  TRANSMITTERS  13.  RADIATION  DAMAGE  PANEL 

4 . BATTERY  CHARGE  CONTROLLER  14.  RADIATION  EFFECTS  CIRCUITRY 

5.  BATTERY  BOX  13.  COMMAND  RECEIVERS 

6.  CRUCIFORM  STRUCTURE  16.  WIOE  - BAND  RECEIVERS 

7.  RADIATION  DETECTORS  0,C,D  17.  COMMANO  DECODERS 

8.  COMMAND  CONTROL  BOX  18.  TRAVELING  WAVE  TUBE 

9.  RADIATION  SWITCH  BOX  H 19.  PRECESSION  OAMPER 

10.  TORQUE  COIL  20-  ONE  YEAR  TIMER 


21.  SIGNAL  CONDITIONER 

22.  RADIATION  DETECTORS  E,F 

23.  VOLTAGE  REGULATOR 
24  TWT  POWER  SUPPLY 

25.  TELEMETRY  ENCODER 

26.  SUN  ASPECT  INDICATOR 

27.  HORIZON  SCANNER 

ZB.  RADIATION  K TEC  TOR  A 


Figure  4-1. — Cutaway  drawing  of  Relay  spacecraft. 


performance.  Table  4-3  itemizes  these  quan- 
tities. The  spacecraft  temperature  history, 
orientation,  and  spin  rate  characteristics  of 
Relay  are  discussed. 

ELECTRICAL  POWER  SYSTEM  PERFORMANCE 

The  electrical  power  system  consists  of  a 
P/N  solar  array  and  nickel-cadmium  battery 
combination  which  supplies  power  to  loads 
on  an  unregulated  power  bus  and  three  regu- 
lators. A block  diagram  of  the  electrical 
power  system  is  given  as  part  of  Figure  4-2, 
which  also  indicates  the  voltage,  current, 
and  temperature  instrumentation.  One  of  the 
power  regulators  supplies  the  radiation  ex- 
periment, while  the  other  two  supply  redun- 
dant transponders.  During  normal  opera- 
tion of  the  spacecraft  with  the  transponder 
off,  all  current  provided  by  the  solar  array 


is  used  to  support  the  continuous  spacecraft 
loads  and  to  charge  the  batteries.  During 
conditions  of  light  load,  and  when  the  bat- 
teries are  in  trickle  charge,  the  excess  solar 
array  power  is  dissipated  in  a voltage  lim- 
iter. During  operation  of  the  wideband  sub- 
system, the  solar  array  cannot  support  the 
loads  entirely  and  the  solar  array  power  is 
supplemented  by  the  batteries.  During  an 
eclipse,  of  course,  all  power  is  furnished  by 
the  batteries. 

Immediately  after  launch,  faulty  operation 
of  the  regulator  for  transponder  No.  1 caused 
the  spacecraft  to  be  in  a low- voltage  condition 
which  precluded  any  operation  of  the  com- 
munications system.  A means  was  found  to 
avoid  this  undesired  situation,  and  as  of 
February  1964  the  communications  system 
had  been  operated  for  a total  of  300  hours 
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Figure  4-2. — Location  of  major  telemetry  points. 


and  the  radiation  experiments  for  500  hours. 
The  transponder  operations  were  typically 
of  30  minutes  duration,  although  some  45- 
minute  passes  were  performed  as  late  as 
December  1963. 

The  solar  array  has  degraded  essentially 
as  expected.  The  only  failure  apparent  in 
the  electrical  power  system  was  that  follow- 
ing Rev  548,  battery  No.  2 failed  to  charge. 
From  that  time,  the  telemetry  indicated  a 
steady  decrease  of  battery  No.  2 voltage  until 
it  reached  zero.  This  indicates  an  open-cir- 
cuit failure  in  the  charge  control  circuitry 
for  this  battery. 

Transponder  No.  1 Regulator  Failure 

After  the  successful  launch  of  the  satellite, 
radiation  experiment  data  was  gathered  on 


the  first  orbit  revolution.  The  radiation  ex- 
periment was  commanded  off  after  gathering 
approximately  four  hours  of  data.  It  was 
planned  to  conduct  communication  experi- 
ments on  Revs  004,  005,  and  006  of  the  first 
operational  day,  but  before  the  first  sched- 
uled communication  test  on  Rev  004,  the 
spacecraft  telemetry  transmitters  were  ob- 
served by  some  ground  stations  to  be  turning 
off  and  on.  When  the  spacecraft  telemetry 
encoder  was  turned  on  during  Rev  004,  it 
was  found  that  transponder  No.  1 was  ON 
and  could  not  be  commanded  off,  and  that 
the  spacecraft  was  in  a low  voltage  condition. 
Unsuccessful  attempts  were  made  on  the  fol- 
lowing revolutions  to  command  the  trans- 
ponder off.  Some  usable  telemetry  data  was 
obtained  on  Revs  029  and  Q35,  but  not  until 


66 


RELAY  I— PART  I 


Table  4-3. — Primary  Spacecraft  Performance 
Telemetry  Items 


TM  word 

Item 

TM  word 

Item 

19 

Unregulated  bus 

28-21 

Lower  surface 

voltage 

Temperature 

20 

Total  battery  current 

28-24 

TWT  output  power 

21 

Command 

28-25 

Battery  no.  2 

verification 

voltage 

22 

Active  thermal 

28-26 

Battery  No.  1-2 

controller  sensor 

temperature 

temperature 

28-27 

Telemetry 

24 

WB-AGC-Main  if 

transmitter  No.  2 

voltage 

power  output 

26 

NB  signal  present 

28-32 

Beacon  output  power 

28-2 

Solar  panel 

28-33 

Battery  No.  3 voltage 

temperature 

28-34 

Battery  No.  2-1 

28-3 

Battery  pressure 

temperature 

28-4 

Voltage  limiter 

28-35 

Command  verification 

current 

28-41 

Solar  cell  bus  current 

28-5 

TWT  No.  1 power 

28-42 

Battery  No.  2-2 

supply  temp 

temperature 

28-10 

Solar  cell  panel 

28-43 

Command  verification 

temperature 

28-44 

Wideband  baseplate 

temperature 

28-11 

Radiation  experiment 

28-47 

Transmitter  L.O. 

regulated  bus 

output 

28-12 

TWT  collector 

28-50 

Battery  No.  3-1 

temperature 

temperature 

28-13 

Power  supply  No.  2 

28-51  1 

Command  verification 

temperature 

28-55 

Transmitter  imput 

28-16 

Regulated  bus  voltage 

signal  power 

28-17 

Battery  No.  1 voltage 

28-58 

Battery  No.  3-2 

28-18 

Battery  No.  1-1 

temperature 

temperature 

28-59 

Command 

28-19 

Telemetry  trans- 

receiver AGC 

mitter  No.  1 
power  output 

16-17 

Sun  aspect  indicator 

orbit  Rev  107  did  the  spacecraft  appear  in 
a normal  state.  Another  operation  of  trans- 
ponder No.  1 was  planned  for  Rev  108  to 
obtain  additional  data  in  an  effort  to  under- 
stand the  regulator  failure. 

Figure  4-3  is  a diagram  of  the  high  power 
regulator  for  transponder  No.  1,  which  is 
also  used  as  the  switch  to  turn  the  system 
ON  and  OFF.  If  either  or  both  of  the  series 
transistors,  Q2  or  Q3,  is  partially  conducting, 
a load  will  be  partially  on  the  bus.  A failure 
of  either  of  these  transistors  or  in  the  driv- 
ing transistor  Q4,  or  of  the  regulator  con- 
trol circuitry,  could  cause  partial  conduction 
or  full  load.  Laboratory  tests  by  RCA* 
showed  that  the  transistors  in  question,  Q2 
and  Q3,  exhibited  a high  leakage  condition 
at  low  temperature.  It  was  felt  that  by  oper- 
ating the  transponder  on  Rev  108  and  thereby 
increasing  the  transistor  temperature,  this 
condition  could  be  alleviated  and  thereby 


restore  the  spacecraft  to  normal  health. 

The  planned  operation  was  performed  with 
the  resulting  condition  that  transponder  No. 

1 was  fully  on  and  could  not  be  commanded 
off,  as  had  been  observed  on  Revs  004,  005, 
and  006.  The  batteries  discharged,  as  on  the 
earlier  occasion,  to  the  point  where  no  useful 
telemetry  could  be  received.  Telemetry  data 
taken  some  days  later,  on  Revs  138,  139, 
146,  154,  and  155,  indicated  that  the  space- 
craft was  once  again  in  a normal  state.  On 
orbit  Revs  161, 162,  and  163  transponder  No. 

2 was  successfully  operated  and  the  first 
successful  communication  experiments  were 
performed  with  a ground  station. 

It  was  noted  that  some  steady  leakage  was 
apparent  whenever  the  spacecraft  was  ob- 
served, and  that  a high  leakage  was  observ- 
able immediately  following  turn-off  of  the 
transponder.  The  transponder  would  turn 
off  smoothly  and  the  regulated  output  voltage 
would  drop  to  some  intermediate  value  and 
then  slowly  decrease.  It  was  observed  at  this 
time  that  the  higher  the  spacecraft  tempera- 
ture (as  monitored  at  the  thermal  sensor) 
the  higher  the  leakage  at  the  time  of  shutting 
off  the  transponder.  It  was  hypothesized, 
from  the  meager  data  available,  that  the 
“disastrous  ON”  condition  would  be  possible 
if  the  spacecraft  temperature  was  above 
28  °C.  In  another  section,  it  is  shown  that 
the  spacecraft  temperature  is  highly  depend- 
ent upon  the  degree  of  overcharge  of  the  bat- 
teries. It  was  therefore  decided  to  maintain 
the  temperature  below  25  degrees  by  operat- 
ing transponder  No.  2 as  much  as  possible, 
thereby  reducing  the  overcharge. 

After  a large  quantity  of  data  had  been 
accumulated  on  the  leakage  characteristics, 
it  was  decided  to  determine  whether  there 
was  a positive  correlation  between  the  space- 
craft temperature  and  the  leakage  condition. 
The  “disastrous  ON”  condition  was  observed 
initially  at  a time  when  the  sun  aspect  angle 
was  such  that  the  base  of  the  spacecraft  was 
not  being  illuminated;  transistors  Q2  and 

^“Quarterly  Technical  Report  No.  7,  Dec.  1962- 
Feb.  1963”,  RCA  Doc.  No.  AED  R-1859,  30  Apr 
1963,  pp.  III-41-43. 
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Figure  4-3. — Schematic  block  diagram  of  wideband  No.  1 regulator. 


Q3  are  located  on  the  bottom  of  the  space- 
craft. Passes  which  had  the  same  sun  aspect 
angle  were  considered  to  see  whether  a 
correlation  could  be  found  between  the 
steady-state  leakage  condition  and  tempera- 
ture, and  between  the  “disastrous  ON”  con- 
dition and  temperature.  The  temperature  at 
the  thermal  sensor  was  taken  as  an  average 
maximum  spacecraft  temperature,  and  it  was 
assumed  that  during  the  revolutions  con- 
sidered in  the  analysis,  the  thermal  gradients 
through  the  spacecraft  remained  consistent. 

Orbit  revolutions  from  launch  to  339  and 
between  the  period  1700  to  1932  were  con- 
sidered in  this  analysis.  The  first  orbit  pass 
of  a given  day  was  examined  and  taken  as  a 
case  where  the  spacecraft  was  in  thermal 
equilibrium.  The  batteries  were  always  in 
a state  of  overcharge  at  this  time,  and  the 
spacecraft  temperatures  stable.  Leakage 
values  of  the  regulator  output  voltage  were 
compared  with  the  spacecraft  temperatures. 
These  results  are  shown  in  Figure  4-4. 
Passes  were  selected  carefully  to  assure  (1) 


Figure  4-4. — Steady-state  leakage  of  transponder 
regulator  vs.  temperature. 


that  no  anomalous  command  states  existed, 
or  (2)  no  other  subsystems  were  on,  to  affect 
the  thermal  gradient.  Figure  4-4  shows  that 
the  steady-state  leakage  condition  is  definite- 
ly affected  by  temperature  and  appears  to 
be  greatest  when  the  temperature  is  lowest. 

Test  results*  obtained  on  the  prototype 
spacecraft  power  regulator  No.  2 were  ex- 
amined and  the  leakage  characteristic  of  that 

*“Quarterly  Technical  Report  No.  7,  Dec.  1962- 
Feb.  1963”,  RCA  Doc.  No.  AED  R-1859,  30  Apr 
1963,  pp.  III-41-43. 
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regulator  was  compared  with  the  steady- 
state  leakage  condition  observed  on  Relay  I. 
The  two  curves  are  given  in  Figure  4-5 ; they 
appear  to  have  essentially  the  same  slope. 


Figure  4-6. — Comparison  of  steady-state  leakage 
and  measurements  made  on  prototype  spacecraft. 


For  the  prototype,  regulator  temperatures 
were  15  °C  lower  than  spacecraft  tempera- 
tures, but  since  the  power  transistors  are 
located  on  the  base  of  the  spacecraft,  it  is 
expected  that  when  the  sun  is  not  shining  on 
the  base,  these  transistors  can  be  15  to  20°C 
lower  than  the  thermal  sensor  temperature. 

As  previously  stated,  the  turn-off  of  the 
wideband  system  was  followed  by  some 
transient  leakage  rate  different  from  the 
steady-state  value.  The  values  noted  imme- 
diately after  transponder  shutdown  are  given 
in  Figure  4-6  versus  spacecraft  temperature. 
It  can  be  seen  that  high  leakage  rates  are 
apparent  at  low  temperature,  but  are  even 
greater  at  high  temperatures.  The  “disas- 
trous ON”  situation  occurred  when  the  space- 
craft temperature  was  near  or  above  25°C. 
The  transponder  has  never  been  observed  to 
be  in  an  undesired  full  ON  condition  at  low 
temperatures.  It  can  be  seen  from  Figure 
4-34  that  the  “disastrous  ON”  condition  ex- 
isted when  the  spacecraft  temperature  was 
above  27° C.  The  steady-state  leakage  curve, 
determined  in  Figure  4-4,  is  also  shown  in 
Figure  4-6  for  comparison. 

These  data  indicate  that  the  low  tempera- 
ture and  transient  leakage  condition  could 
have  the  same  slope  as  the  steady-state  case. 
These  results  confirm  that  some  characteris- 
tic of  the  Q2  and  Q3  transistors  causes  high 


Figure  4-6. — Instantaneous  leakage  of  regulator  at 
shutdown  of  transponder  No.  2 vs.  temperatrue. 


leakage  rates  at  low  temperatures.  How- 
ever, these  data  also  show  that  aside  from 
these  high  values  at  low  temperatures,  a 
“disastrous  ON”  condition  occurs  in  the  regu- 
lator as  a result  of  high  temperature.  With- 
out detailed  test  data  on  the  regulator  in 
question,  it  is  impossible  to  determine 
whether  the  malfunction  of  transponder  reg- 
ulator No.  1 was  caused  by  the  launch  en- 
vironment. 

The  leakage  condition  of  the  regulator,  re- 
gardless of  whether  it  is  caused  by  power 
transistors  Q2  or  Q3,  the  driving  transistor 
Q4,  or  the  control  circuitry,  demonstrated  a 
need  for  a positive  on-off  switch  in  the  space- 
craft. This  change  was  incorporated  in 
Flight  Model  II  and  has  completely  elimi- 
nated the  possibility  of  the  problem  occurring 
in  that  spacecraft  (Figure  4-38) . 

Load  Verification 

Figure  4-7  shows  the  load  current  result- 
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Figure  4-7.~~Load  current  vs.  time  after  wideband 
No.  2 shutdown. 


ing  from  the  leakage  after  a typical  shutoff 
of  transponder  No.  2.  Numerous  calcula- 
tions were  performed  to  verify  the  electrical 
loads  observed  in  orbit  and  to  compare  these 
with  expected  values.  After  determination 
of  the  load  current  due  to  the  wideband 
leakage,  fair  correlation  between  the  ob- 
served and  expected  values  was  found  as 
listed  in  Table  4-4. 


Tarle  4-4 .—Comparison  of  Expected  and  Observed 
Electrical  Loads 


Loads 

Current  (amps) 

Expected 

Observed 

Continuous  and  telemetry  _ 

0.55 

0.55 

Continuous,  telemetry, 

radiation  experiment __ 

0.80 

0.90 

Transponder  warmup 

1.61 

1.45 

Transponder  full  on  _ _ I 

3.80 

3.75 

Solar  Array  Performance 

From  the  test  data  available  prior  to  the 
launch  of  Relay,  it  was  anticipated  that  the 
solar  array  output  current  would  be  nomi- 
nally 2.0  amps.  In-orbit  measurements,  how- 
ever, yielded  an  initial  value  of  1.7  amps.  The 
solar  array  has  since  then  deteriorated  with 
respect  to  time  as  expected.  This  is  shown 
in  Figure  4-8,  which  shows  solar  array  out- 
put current  versus  orbit  revolution.  The 
predicted  deterioration  is  also  indicated,  and 
fair  correlation  is  apparent  between  the  two 
values.  A 9-volt  power  supply  which  supplies 
power  to  all  the  current  transducers  and  to 
some  of  the  temperature  transducers  on  the 
spacecraft  has  performed  in  an  erratic  fash- 
ion. This  is  partly  responsible  for  the  fact 
that  some  of  the  data  points  deviate  from 
the  nominal  value.  The  current  transducer 
also  is  temperature-sensitive,  which  requires 
the  indication  of  solar  array  output  current 
to  be  corrected  for  temperature.  The  output 
current  must  also  be  corrected  for  sun  aspect 
or  the  sun  incident  angle  of  sunlight  with 
respect  to  the  spin  axis  of  the  spacecraft. 
Other  variations  apparent  in  the  solar  array 
output  result  from  variations  in  solar  array 
temperatures  and  distance  from  the  sun. 

The  array  temperature  falls  during  the 
eclipse  seasons,  and  as  array  temperature 
decreases,  the  output  current  likewise  de- 
creases. . Figure  4-9  presents  the  solar  array 
temperature  as  a function  of  duration  of 
eclipse.  Figure  4-10  gives  the  solar  array 
output  current  at  28  volts  as  a function  of 
time  after  a 40-minute  eclipse.  This  curve 
was  derived  at  a time  when  the  array  was 
at  20°C  and  at  an  output  of  1.15  amps. 

The  full-sunlight  stabilized  temperature  of 
the  solar  array  is  20  °C.  When  orbit  revolu- 
tions were  examined  to  determine  the  array 
output  versus  temperature  characteristics, 
slopes  of  0.0037  to  0.0030  were  found.  A 
factor  of  0.0035  amp/°C  was  used  to  correct 
the  output  current  to  the  20°€  stablized  con- 
dition. 

Since  the  P/N  cells  deteriorate  markedly 
due  to  the  radiation  environment,  it  was 
recommended  before  launch  of  Relay  I that 
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Figure  4-9. — Solar  array  temperature  as  a 
function  of  eclipse. 


N/P  cells  be  utilized  on  Flight  Models  2 and 
3.  The  N/P  cells  are  more  resistant  to  the 
radiation  levels  encountered  by  Relay  and 
could  provide  an  extremely  long  lifetime  for 
Flight  Model  2.  Figure  4-11  gives  a com- 


Figure 4-10. — Solar  array  output  at  28  volts  vs. 
time  after  40-minute  eclipse. 


parison  of  solar  array  versus  days  in  orbit 
for  the  P/N  cells  as  measured  on  Relay  I 
and  for  N/P  cells  as  derived  from  calcula- 
tions based  on  the  results  obtained  on  Re- 
lay I. 
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Figure  4-11. — Solar  array  output  for  P/N  cells 

compared  with  N/P  cells. 

Shortly  after  launch  it  was  estimated  that 
Relay  I was  encountering  0.75  X 101S  omni- 
directional electrons  with  energies  of  0.5  to 
8 Mev  per  cm2  per  day  and  1.1  X 108  omni- 
directional protons  with  energies  greater 
than  30  Mev  per  cm2  per  day.  Of  the  total 
electrons,  0.5  X 101S  are  with  energies  from 
0.5  to  1 Mev*.  These  estimates  were  made 
for  January  1963  and  it  should  be  noted  that 
the  electron  field  has  since  lessened.  The 
N/P  cells  are  approximately  20  times  more 
resistant  to  electron  damage  and  2.5  times 
more  resistant  to  proton  damage  than  the 
P/N  cells  used  on  Relay  I. 

BATTERY  PERFORMANCE 

With  the  exception  of  the  failure  of  the 
No.  2 charge  controller  (Rev  548)  adequate 
battery  performance  has  been  observed.  The 
loss  of  battery  No.  2 reduced  the  available 
capacity;  however,  during  the  early  full- 
sunlight  periods,  four  30-minute  operations 
of  the  wideband  transponder  could  be  sup- 
ported daily.  The  spacecraft  was  operated 
during  these  initial  full  sunlight  periods  to 
the  maximum  extent  possible  to  reduce  the 
amount  of  overcharge.  This  in  turn  reduced 
the  spacecraft  temperature  to  prevent  the 
full  ON  condition  of  transponder  No.  1.  Af- 
ter the  first  eclipse  season  there  was  no  diffi- 
culty in  keeping  the  spacecraft  temperature 
at  a desirable  value.  The  only  concern  then 
was  that  the  battery  temperatures  were  as 
low  as  — 5°C.  Overcharge  of  the  batteries 


at  these  low  temperatures  could  cause  gas 
formation  in  the  cells  which  in  turn  could 
explode  the  batteries.  Three  battery  cells  are 
instrumented  with  a pressure  switch  set  at 
500  psi  and  at  no  time  during  the  operation 
of  Relay  has  the  switch  actuated.  The  pri- 
mary guide  to  normal  operation  was  an  end- 
of-discharge  voltage  of  23.5  as  the  cutoff 
point  for  transponder  operation.  This  value 
was  established  from  the  known  voltage 
drops  in  the  transponder  regulators,  so  that 
a full  regulated  output  voltage  of  22.5  could 
be  maintained. 


BATTERY 

771 

EMP  = 26-2 

>°C  {30-M1N 

618 
S.  Q 

PASS) 

% 

Sy  84 

’ 864  87 

: 

388 

903 

to 

t 

02 

857 

\ “895 
\ 

950 

919 

\ 

\ 

V 

97: 

1 

23  4 1 1 j— ; L, L L — 1 1 1 1 1 

750  800  BSO  »0  950  1000 

ORBIT  REVOLUTION  NUMBER 


Figure  4-12. — End-of-discharge  voltage  vs.  orbit. 

One  characteristic  exhibited  by  the  batter- 
ies has  been  the  so-called  memory  effect,  or 
the  apparent  decrease  of  battery  capacity 
with  respect  to  charge  and  discharge  cycles. 
Figure  4-12  shows  a decrease  of  almost  0.5 
volt  in  the  end-of-discharge  voltage  over  a 
period  of  200  orbit  revolutions  or  slightly 
less  than  one  month.  These  values  were  se- 
lected from  30-minute  passes  for  which  the 
battery  temperatures  were  in  the  range  of 
26°C  to  28°C.  The  memory  effect  decreased 
the  capacity  of  the  batteries  after  continued 
cycling  to  a point  where  the  23.5  volt  cutoff 
level  was  reached  after  15  minutes  of  trans- 
ponder operation.  Normally  the  spacecraft 
could  be  operated  30  to  35  minutes  before 
reaching  the  cutoff  voltage. 

* Courtesy  of  Mr.  E.  G.  Stassinopoulos,  GSFC 
Theoretical  Division. 
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It  had  been  theorized  that  a deep  discharge 
of  the  batteries  would  eliminate  the  memory 
effect.  The  loss  of  capacity  of  the  cells  was 
blamed  on  a reduction  in  the  effective  plate 
surface  area  due  to  loss  of  activity  of  the 
cadmium  plate  surface.  A deep  discharge  of 
the  batteries  supposedly  would  remove  the 
inactive  cadmium  and  thereby  restore  the 
lost  capacity. 

Shortly  after  an  eclipse  on  Rev  625,  the 
spacecraft  was  found  to  be  in  a low-voltage 
condition,  indicating  that  some  load,  such  as 
a transponder,  had  been  ON  and  had  dis- 
charged the  batteries  to  a very  low  level. 
After  the  spacecraft  had  been  allowed  to 
charge  for  one  orbit  revolution,  the  trans- 
ponder was  turned  on.  After  eight  minutes 
of  normal  operation,  the  system  voltage 
dropped  rapidly,  causing  the  low-voltage 
cutoff  device  (which  operates  when  the  volt- 
age is  20  volts  or  lower)  to  function,  turning 
off  the  transponder.  The  bus  voltage  and 
battery  voltage  for  this  operation  (Rev  626) 
are  shown  in  Figure  4-13. 

After  the  batteries  were  fully  recharged, 
it  was  observed  after  a 30-minute  operation 
of  the  transponder  that  the  capacity  of  the 
batteries  had  increased.  A 30-minute  pass 
prior  to  this  low  voltage  cutoff  (Rev  602) 
showed  an  end-of-discharge  voltage  of  23.5 
after  30  minutes,  while  on  Rev  633  the  end- 
of-discharge  for  that  same  operation  time 
was  24.2  volts  (see  Figure  4-14). 

On  Rev  663  the  spacecraft  was  operated 
for  39  minutes  when  the  temperatures  were 
near  the  upper  critical  level.  This  caused  the 
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Figure  4-13. — Battery  and  solar  bus  voltage  vs. 
transponder  ON  time — orbit  626. 


Figure  4-14. — Battery  improvement  after  low 
voltage  cutoff— orbit  626. 


spacecraft  temperature  to  increase  further, 
and  once  again  the  full  ON  condition  of 
transponder  No.  1 resulted.  After  the  space- 
craft temperature  had  decreased  and  the 
spacecraft  once  again  returned  to  a normal 
condition,  it  was  observed  by  comparing  Revs 
657  and  711  that  the  capacity  of  the  batteries 
had  once  again  been  restored  (see  Figure 
4-15). 

During  the  period  of  orbit  Rev  1127  when 
the  spacecraft  entered  its  deepest  eclipse 
season,  a continuous  trickle  charge  condition 
resulted.  The  trickle  charge  feature  of  the 


Figure  4-15. — Battery  improvement  after  recovery 
full  ON  condition — orbit  663. 


SPACECRAFT  PERFORMANCE 


73 


power  system  is  activated  by  any  of  the  fol- 
lowing three  conditions: 

• Battery  temperature  above  32°C. 

• Battery  voltages  below  25  v. 

• Actuation  of  the  pressure  switch 

During  the  period  in  question,  the  batteries 

would  discharge  to  a low  level  during  an 
eclipse,  possibly  as  a result  of  additional 
loads  due  to  anomalous  performance  of  the 
command  system.  The  normal  continuous 
loads  were  also  sufficient  to  discharge  the 
batteries  excessively  during  these  long  eclipse 
periods.  The  resulting  condition  was  that 
the  batteries  could  not  be  trickle  charged 
sufficiently  to  change  to  the  full  charge  mode 
at  25  volts,  and  therefore  could  not  be  fully 
charged  before  another  eclipse  occurred.  It 
was  necessary  to  send  a series  of  off  com- 
mands to  the  spacecraft  whenever  it  was 
visible  from  the  Relay  Test  Stations  and 
Minitrack  Stations.  This  evidently  reduced 
the  number  of  anomalous  command  states 
and  the  batteries  were  able  to  charge  fully. 
After  this  recovery,  it  was  observed  that 
once  again  an  increase  in  battery  capacity 
was  apparent,  A comparison  of  the  battery 
discharge  curves  for  Revs  1112  and  1160 
(Figure  4-16)  shows  an  improvement  of  0.7 
volts  in  the  end-of -discharge  voltage  after  a 
25-minute  pass. 


Realizing  that  a deep  discharge  of  the  bat- 
teries could  improve  the  available  capacity, 
attempts  were  successful  on  several  occasions 
to  run  the  transponder  for  a period  of  suffi- 
cient duration  to  lower  the  voltage  and  there- 
fore reduce  the  memory  effect.  These  deep 
discharges  resulted  in  a pronounced  increase 
in  battery  capacity,  even  though  the  low- 
voltage  cutoff  level  was  never  reached.  Fig- 
ures 4-17  and  4-18  give  comparative  battery 
discharge  characteristics  before  and  after  a 
deep  discharge  for  two  different  time  periods. 
Once  again  the  improvement  in  battery  ca- 
pacity is  apparent. 

The  nickel-cadmium  batteries  used  on  Re- 
lay exhibit  a lower  end-of -discharge  voltage 


Figure  4-17. — Battery  characteristics  before  and 
after  deep  discharge-orbits  1764  and  1769. 
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Figure  4-16. — Battery  discharge  curves  before  and 
after  continuous  trickle  mode. 


Figure  4-18. — Battery  characteristics  before  and 
after  deep  discharge — orbits  2155  and  2178. 
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and  higher  end-of -charge  voltage  at  lower 
temperatures.  Figures  4-19  give  some  typi- 
cal charge-discharge  characteristics  of  nick- 


percent  of  ampere-hour  capacity  at  room  TEMPERATURE  for  50  percent  depth  of  discharge 


Figure  4-19. — Nickel  Cadmium  cell — typical  charge 
— discharge  characteristics. 


el-cadmium  cells  and  shows  the  dependence 
of  available  capacity  on  temperature.  This 
temperature  dependence  has  been  observed 
on  Relay  I,  but  is  apparent  only  upon  close 
scrutiny.  It  is  necessary  to  examine  orbit 
passes  sufficiently  similar  that  memory  ef- 
fects are  eliminated.  Likewise,  one  must 
make  certain  that  charging  rates,  leakage 
rates  and  percent  of  charge  are  equal.  Fig- 
ure 4-20  illustrates  how  a comparison  of 
Revs  1237  and  1369,  when  the  battery  tem- 
peratures were  1.5°  and  8°C  respectively, 
fails  to  reveal  a temperature  effect.  The  dis- 
charge curve  for  Rev  1369  has  the  same 
shape  as  that  for  1237,  but  is  slightly  lower. 
This  illustrates  that  there  is  less  capacity 
available  for  Rev  1369,  although  the  tempera- 
ture indicates  that  it  should  be  greater  than 


Figure  4-20. — Battery  characteristics  on  orbits  1237  and  1369. 
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for  Rev  1237.  This  is  a case  where  the  mem- 
ory effect  predominates,  even  though  the  two 
points  in  question  are  only  132  orbit  revolu- 
tions apart. 

A case  of  maximum  battery  temperature 
excursion  was  examined.  Orbit  Rev  988  was 
compared  with  1112,  where  the  temperatures 
were  26°  and  — 3°  respectively.  The  results 
are  illustrated  in  Figure  4-21  and  show  that 
a higher  end-of-charge  and  lower  end-of- 
discharge  voltage  is  apparent  when  battery 
temperatures  are  lower. 

The  performance  of  the  batteries  in  Relay 
has  been  good ; the  only  changes  incorporated 
in  the  Relay  II  were  lowering  the  trickle 
charge  voltage  level  to  20  volts  and  the  addi- 
tion of  one  cell  to  each  battery.  Observation 
of  the  so-called  memory  effect  indicates  a 
need  for  closer  examination  of  the  phenom- 
enon and  possibly  laboratory  tests  to  provide 


a better  understanding  of  it.  It  appears  at 
present  that  the  greatest  improvement  in 
battery  capacity  is  obtained  by  repeated 
cycles  of  deep  discharges,  such  as  occurred 
during  the  long  trickle  charge  condition 
around  Rev  1130. 

Power  System  Duty  Cycle 

The  duty  cycle  originally  intended  for  Re- 
lay consisted  of  100  minutes  per  day  of 
transponder  operation  over  three  or  four 
consecutive  orbit  revolutions  and  three  to 
six  hours  per  day  of  radiation  experiment 
operation.  However,  due  to  the  initial  failure 
and  to  continuous  command  system  anom- 
alies through  the  operational  lifetime  of  Re- 
lay I,  this  planned  operation  scheme  was  not 
followed. 

As  soon  as  the  temperature-dependent 
“full-on”  load  condition  of  transponder  No.  1 
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Figure  4-21. — Battery  discharge  characteristics — effects  of  temperature — orbits  988  and  1112. 
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was  apparent,  the  spacecraft  was  operated 
to  reduce  the  amount  of  overcharge  and  thus 
the  spacecraft  temperature.  When  the  first 
eclipse  season  was  reached  and  temperatures 
were  no  longer  a problem,  the  spacecraft 
was  operated  for  only  one  wideband  pass  per 
day.  There  was  some  concern  at  this  time 
that  excessive  overcharge  at  the  lower  space- 
craft temperatures  might  cause  gas  forma- 
tion in  the  cells,  causing  the  batteries  to  fail. 
Much  lower  spacecraft  temperatures  were 
encountered  during  the  second  eclipse  sea- 
son; during  this  phase  the  spacecraft  was 
operated  to  reduce  the  amount  of  overcharge. 
The  second  full  sunlight  period,  which  began 
in  early  March,  showed  that  the  temperature- 
dependent  failure  mode  of  the  transponder 
No.  1 regulator  still  existed.  Once  again 
the  spacecraft  was  operated  to  the  maximum 


extent  possible.  Even  though  battery  No.  2 
was  no  longer  operable,  four  30-minute  trans- 
ponder operations  daily  were  possible.  Fig- 
ure 4-22  shows  the  accumulated  operating 
time  of  transponder  No.  2 compared  with 
the  eclipse  history.  Eclipse  seasons  result  in 
the  compounded  problem  of  less  solar  energy 
available  to  charge  the  batteries  and  at  the 
same  time  lower  temperatures,  which  are 
caused  partly  by  the  shorter  charging  time 
of  the  batteries,  but  primarily  by  the  eclipse 
itself.  The  rate  of  transponder  operation  is 
obviously  affected  by  the  eclipse  season.  This 
effect  can  be  seen  in  Figure  4-22  where  the 
rate  of  accumulation  of  operating  time  de- 
creases with  time  even  during  the  full  sun- 
light periods.  There  is  less  total  daily 
ampere-hour  capacity,  but  operations  of  30 
to  45  minutes  duration  are  still  possible,  if 


DATE 


Figure  4-22. — Accumulated  transponder  No.  2 operating  time 
compared  with  eclipse  history. 
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only  one  such  operation  per  day  is  attempted. 

Relay  I is  equipped  with  an  electrolytic 
timer  which  has  a nominal  operation  time  of 
one  year.  This  timer  will  disconnect  the 
solar  bus  when  it  functions,  thus  disabling 
the  spacecraft.  The  timer  is  temperature 
dependent,  and  it  is  estimated  that  for  the 
temperatures  it  has  encountered  the  nominal 
operation  time  may  have  been  increased  by 
as  much  as  a year.  The  nominal  cutoff  time 
was  December  1963,  but  in  November  1964, 
the  spacecraft  was  still  functioning. 

WIDEBAND  COMMUNICATION  SYSTEM 

The  Relay  Communication  system  consists 
of  two  completely  redundant  transponders. 
Each  receives  the  1725  Me  signal,  triples  the 
modulation  index,  and  retransmits  the  signal 
at  a frequency  of  4169.720  Me.  Figure  4-23 
shows  the  wideband  transmitter.  The  trans- 
ponder has  a narrowband  mode  in  which  it 
can  receive  two  simultaneous  signals  at 
1723.33  Me  and  1726.66  Me  and  retransmit 
them  at  4164.720  and  4174.720  respectively. 
There  is  also  a 40  mw  cw  output  at  4079.73 
Me  which  serves  as  a tracking  beacon.  In 
the  wideband  mode,  the  transponder  trans- 
mits a nominal  power  of  10  watts  over  a 
bandwidth  of  23  Me.  In  the  narrowband,  or 
two-way  mode,  the  bandwidth  is  divided  into 
two  1.5  Me  channels. 


Transponder  system  No.  1 was  not  oper- 
ated to  any  appreciable  extent,  due  to  the 
failure  noted  in  the  preceding  section.  The 
data  discussed  here  covers  the  operation  of 
transponder  No.  2. 

By  the  end  of  January,  1964,  transponder 
No.  2 was  used  for  over  745  operations  in 
the  conduct  of  wideband  communication  ex- 
periments with  the  Relay  participating 
ground  stations.  Three  hundred  hours  of 
operating  time  had  been  accumulated  on 
transponder  No.  2 with  no  apparent  diffi- 
culties. The  results  from  the  communication 
experiments  and  from  all  telemetry  data 
available  indicate  that  the  transponder  per- 
formance was  essentially  unchanged  through- 
out the  operational  year.  Table  4-5  lists  the 
specified  electrical  performance  of  trans- 
ponder No.  2 along  with  measured  values 
made  prior  to  launch*. 

The  only  anomalous  performance  observed 
was  on  Revs  989,  1417,  and  1710.  On  Rev 
989  the  input  signal  to  the  TWT  dropped  to 
a very  low  value  during  the  operation  and 
then  recovered  and  rose  to  a normal  value 
at  the  end  of  the  pass.  The  main  IF  AGC 
voltage  decreased  in  an  almost  identical 
fashion  and  the  TWT  power  output  likewise 

*“ Completed  Electrical  Acceptance  of  Wideband 
Repeater  No.  F1A  (System  No.  2,  Flight  Model  1),” 
RCA  Document,  11  Dec.  1962. 
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Figure  4-23. — Spacecraft  wideband  receiver  block  diagram. 
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Table  4-5, — Electrical  Performance  Specifications 


Measurement 

Specified 

Measured 

Input  power  (dc)  _ 

90  w 

88.8  w 

RF  output  power  (at  output  of  TWT) 

Wideband  mode __ 

10  dbw 

10.65  dbw 

Narrowband  mode  (weakest  NB 

channel)..  

3.54  dbw 

3.67  dbw 

Beacon 

23  dbm 

23.2  dbm 

Bandwidth  (wideband  mode) , 1 db  _ 

23  Me 

34  Me 

Noise  figure 

14  db 

14  db 

Transmission  tests,  

Wideband  mode 

300-channel  noise  loading 

7500  pw* 

2290  pw* 

Noise  power  in  top  channel 
(with  pre-emphasis  and 
weighting).  Ground  delay.** 

Linear,-  ___  _ -- 

0.294  ns /Me 

—0.35  ns/Mc 

Parabolic 

0.378  ns/Mc2 

0.27  ns/Mc2 

Television 

Video 

As  a design 

No  visible 

goal,  space- 

effect on 

craft  shall  be 
transparent 
for  television 
transmission. 

video. 

Audio  . - 

Crosstalk  shall 

No  visible 

be  50  db  down. 

distortion; 
crosstalk  on 
audio  65  db 
down. 

Narrowband  mode 

Narrowband  noise  loading.  _ _ 

7500  pw* 

1380  pw* 

Noise  power  24th  channel 
(with  pre-emphasis  and 
weighting) 

Crosstalk. __ 

31  db 

41  db 

Spurious  check 

All  spurious 

All  products 

products  shall 

30  db  below 

be  30  db  below 

wideband 

wideband 

output. 

output. 

*This  includes  ground  station  and  repeater. 
**Wideband  repeater  only. 


varied.  These  telemetered  items  are  shown 
in  Figure  4-24.  Normally  there  is  enough 
AGC  to  maintain  transmitter  drive  level  high 
enough  for  the  TWT  output  power  to  be  10 
watts.  It  is  reasoned,  therefore,  that  the 
drop  in  transmitter  drive,  TWT  output  pow- 
er, and  main  IF  AGC  voltage,  as  indicated  in 
Figure  4-25,  was  the  result  of  some  inter- 
mittent behavior  in  the  receiver  local  oscil- 
lator. It  also  appears  that  the  TWT  was 
functioning  normally  during  this  period  and 
was  only  following  the  input  drive. 

On  Rev  1417  the  4080  Me  tracking  beacon 
was  observed  to  be  erratic.  The  output  power 
of  the  beacon  L.  O.  and  the  TWT  remained 
constant  and  at  the  normal  level.  However, 


the  transmitter  drive  varied  considerably 
during  the  period  of  erratic  behavior,  as 
shown  in  Figure  4-26.  The  receiver  main 
IF  AGC  and  TWT  power  output  for  this 
revolution  are  given  in  Figure  4-27.  The 
command  receiver  AGC  is  also  included  in 
Figure  4-27,  showing  that  during  the  period 
of  erratic  output  of  the  beacon,  the  command 
receiver  AGC  was  high.  The  command  re- 
ceiver AGC  is  considered  to  be  a measure  of 
RF  interference  in  the  spacecraft.  It  was 
observed  that  when  difficulties  were  en- 
countered in  commanding  the  transponder 
off,  the  command  receier  AGC  was  excessive- 
ly high.  The  Andover,  Maine,  ATT  Ground 
Station  was  tracking  the  spacecraft  on  Rev 
1417  when  the  beacon  exhibited  the  erratic 
behavior.  The  beacon  output  was  extremely 
noisy  and  varied  considerably  in  power  out- 
put. This  power  variation  was  reflected  in 
the  antenna  servo  loop  error  and  caused  the 
ground  station  antenna  to  oscillate.  This 
oscillation  required  switching  to  the  pro- 
grammed tracking  mode. 

As  already  mentioned,  the  command  re- 
ceiver AGC  has  been  taken  as  a measure  of 
RF  interference  in  the  spacecraft.  Most  of 
the  time  the  interference  has  no  effect  what- 
ever on  the  function  of  the  spacecraft,  but  it 
appears  to  interfere  with  reception  of  the 
transponder  OFF  command.  For  this  reason, 
the  transponder  is  commanded  off  while  the 
participating  ground  station  is  still  trans- 
mitting a carrier  to  the  spacecraft.  The  car- 
rier presence  quiets  the  transponder  system, 
reducing  RF  interference  in  the  command 
receiver.  Figures  4-28  and  4-29  show  plots 
of  transmitter  input  and  command  receiver 
AGC  versus  transponder  ON  time,  and  main 
IF  AGC  voltage  and  TWT  output  power 
versus  transponder  ON  time,  for  Rev  1440. 
During  this  revolution  the  command  receiver 
AGC  was  observed  to  increase  to  a high  level 
near  the  end  of  the  pass.  However,  the  in- 
crease had  no  effect  on  the  functioning  of  the 
transponder  or  the  tracking  beacon. 

Prior  to  operations  on  orbit  Rev  1710,  the 
TWT  output  power  as  telemetered  from  the 
spacecraft  was  nominally  10  watts.  After 
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Figure  4-24. — Spacecraft  wideband  transmitter  block  diagram. 


Figure  4-25. — TWT  power  out,  AGC  main  IF, 
transmitter  input,  telemetry  voltage  versus  tran- 
sponder ON  time— orbit  989. 


Figure  4-26. — TWT  input  signal,  command  receiver 
AGC  4080  beacon  output  versus  transponder  ON 
time — orbit  1417. 
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Figure  4-27,- — TWT  power  output,  AGC  main  IF 
telemetry  voltage  versus  transponder  ON  time. 


Figure  4-28. — Command  receiver  AGC,  TWT  input 
signal  versus  transponder  ON  time — orbit  1440. 


this  period  of  time  (22  July  1963)  the  output 
power  measurement  varied  somewhat  from 
the  nominal  10-watt  value  to  as  low  as  8 
watts.  This  condition  has  persisted  since, 
and  efforts  were  made  to  confirm  whether 
the  TWT  output  power  had  actually  de- 
creased of  whether  the  characteristics  of  the 
power  sensing  diode  had  changed.  Correla- 
tion of  received  signal  strength  at  the  ground 
stations  with  the  telemetered  TWT  output 
power  was  not  very  close  and  generally  it 
was  believed,  on  the  basis  of  ground  station 


Figure  4-29. — TWT  power  output,  AGC  main  IF 
telemetry  voltage  versus  transponder  ON  time — 
orbit  1440. 


data,  that  the  TWT  output  was  still  nomi- 
nally 10  watts.  The  power  sensing  diode 
used  to  monitor  this  function  is  located  in 
a port  of  the  wideband  antenna  and  therefore 
monitors  the  power  output  from  either  trans- 
ponder system.  Transponder  No.  1 was  op- 
erated for  a short  period  and  it  was  observed 
that  the  power  output  measurement  was 
equally  low  for  system  No.  1.  It  was  con- 
cluded from  this  exercise  that  the  telemetry 
sensing  diode  characteristic  had  changed,  by 
giving  erroneous  power  output  indications. 
Since  that  time  the  power  output  measure- 
ment has  decreased  further,  although  it 
appears  from  ground  observations  that  the 
TWT  output  power  is  essentially  unchanged. 
Table  4-6  shows  telemetered  TWT  voltages 
from  early  orbit  revolutions  of  January  1963 
compared  with  orbit  revolutions  in  January 
1964.  These  indicate  the  TWT  character- 
istics have  remained  essentially  constant  dur- 
ing the  operational  lifetime  of  Relay  I. 

Difficulty  has  been  encountered  in  measur- 
ing the  TWT  cathode  voltage  because  the 
leakage  of  transponder  regulator  No.  1, 
while  system  No.  2 is  operating,  causes  a 
change  in  the  telemetry  voltage  for  this  item. 
This  is  also  true  of  several  other  telemetered 
items  from  the  spacecraft.  Cathode  voltage 
measurements  observed  from  Revs  2900  to 
3100  were  examined  and  it  was  shown  that 
measurement  likewise  reflects  the  sum  of  the 
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Table  4-6. — TWT  Parameters  for  Early  and  Recent 
Relay  Passes  Transponder  No.  2 


Orbit 

rev 

Cathode  voltage 
(volts) 

Helix  voltage 
(volts) 

Collector  current 
(ma) 

231 

950 

2000 

43.7 

262 

950 

2000 

42.5 

285 

950 

2000 

42.5 

230 

950 

2000 

42.5 

2970 

950 

2000 

44.5 

3001 

950 

2000 

44.5 

3017 

950 

2000 

44.0 

3094 

950 

2000 

44.5 

the  cathode  telemetry  voltage  was  indeed  a 
function  or  regulated  bus  voltage.  Calibra- 
tion data  which  gives  cathode  telemetry  volt- 
age as  a function  of  regulated  bus  voltage 
for  constant  values  of  cathode  voltage  were 
compared  with  the  measured  data.  This  com- 
parison is  shown  in  Figure  4-30  and  shows 
that  the  cathode  voltage  has  an  essentially 
constant  value  of  950  volts. 

The  partially  ON  condition  of  transponder 
No.  1 is  also  reflected  in  the  main  IF  AGC 
telemetry  voltage.  This  effect  led  to  diffi- 
culty in  accurately  determining  from  te- 
lemetry the  received  signal  level  at  the 
spacecraft.  When  both  transponders  are  off 
it  is  readily  apparent  that  some  AGC  voltage 
is  indicated,  with  the  value  dependent  on  the 
regulated  bus  voltage  measurement.  The 
regulated  bus  voltage  measurement  gives  the 
sum  value  of  the  voltage  output  from  both 
high-power  regulators.  The  AGC  telemetry 


Figure  4-30. — Comparison  of  TWT  cathode  voltage 
and  regulated  bus  voltage  for  orbits  2900  to  3100. 


AGC  voltage  present  in  both  transponders. 
Examination  of  many  revolutions  where  leak- 
age was  apparent  and  when  transponder  No. 
2 was  on  with  no  carrier  illuminating  the 
spacecraft  yielded  the  data  indicated  in  Fig- 
ure 4-31.  The  spacecraft  was  illuminated  by 
a ground  station  utilizing  programmed  steer- 
ing, in  order  to  determine  whether  this 
transmitted  signal  was  reflected  in  the  AGC 
during  the  time  when  both  transponders 
were  off  although  the  leakage  rates  were  suffi- 
ciently high  to  indicate  a relatively  high  level 
of  AGC  voltage.  The  ground  transmission 
test  showed  that  the  carrier  presence  had  no 
effect.  Considering  that  the  no-carrier-pres- 
ent  level  of  AGC  voltage  for  transponder  No. 
2 is  1.5  volts  (pre-launch  value),  it  was 
reasoned  that  any  AGC  voltage  above  this 
value  was  contributed  by  leakage  of  the  regu- 
lator for  transponder  No.  1.  On  this  basis, 
a linear  correction  factor  was  derived,  as 
shown  in  Figure  4-32,  from  which  the  appli- 


Figure  4-31. — Main  IF  AGC  (no  carrier  present) 
voltage  versus  regulated  bus  voltage. 
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Figure  4-32. — Correction  factor  for  AGO  main  IF 
voltage. 


The  received  radiated  power  at  the  space- 
craft was  calculated  using  the  following  re- 
lationship : 


Sr=PtGt 


where 

Sr  — Received  signal  strength 
Ft  = Ground  transmitted  power 
Gt  = Transmitter  antenna  gain 
A — Wavelength 
R = Slant  range  (ground  station  to 
satellite  distance) 

G0  ==  Spacecraft  receiving  antenna  gain 
L = Losses 


The  results  of  this  exercise  are  shown  in 
Figure  4-33  and  indicate  that  the  method 
of  correcting  the  AGC  telemetry  voltage  is 
accurate  and  also  that  the  AGC  calibration 
is  essentially  unchanged  from  the  time  of 
launch. 

Several  other  telemetered  wideband  func- 
tions were  examined  for  the  period  of  Janu- 
ary 1963  and  January  1964  indicating  that 
the  wideband  system  performed  essentially 
without  change.  Table  4-7  shows  the  tele- 
metered signal-present  indications  for  sev- 


cable  correction  could  be  determined  in  rela- 
tion to  the  telemetered  value  of  the  regulated 
bus  voltage.  The  correction  determined  in 
this  way  is  subtracted  from  the  telemetered 
AGC  voltage,  yielding  a correct  indication  of 
the  power  of  the  signal  received  at  the  space- 
craft. 

To  determine  the  validity  of  this  correction 
factor,  up-link  power  tests  were  performed 
with  a ground  station  and  the  spacecraft. 
Calculated  signal  strength  values  were 
plotted  versus  the  corrected  AGC  telemetry, 
and  these  in  turn  were  compared  with  the 
AGC  calibration  curve.  The  ground  station 
transmitted  power  was  varied  from  a low 
level  (250  watts)  when  the  slant  range  dis- 
tances were  the  greatest  and  increased  to 
the  normal  10  kw  level  when  the  ranges  were 
the  closest.  This  procedure  yielded,  a maxi- 
mum excursion  of  the  received  signal  at  the 
spacecraft.  This  exercise  was  performed  on 
several  occasions. 


RECEIVER  INPUT  (dbm) 

RECEIVED  SIGNAL  STRENGTH 

Figure  4-33.— Corrected  AGC  voltage  versus  calcu- 
lated signal  strength  compared  with  AGC  calibration. 
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Figure  4-34. — Relay  I temperature  and  eclipse  history. 


eral  wideband  functions  for  selected  orbit 
revolutions  over  the  operating  lifetime  as 
compared  with  the  prelaunch  nominal  values. 


Table  4-7. — Comparison  of  Signal  Presence  Indica- 
tion for  Some  Wideband  Items 


Item 

Prelaunch 

Rev 

230 

Rev 

238 

Rev 

3109 

Rev 

3258 

Beacon  output  to  TWT. 

1.54 

1.50 

1.49 

1.57 

1.56 

Transmitter 

Local  Oscillator 

1.75 

1.64 

1.70 

1.70 

1.76 

1.72 

TWT  input 

Signal  power 

0.20-0.235 

0.13-0.14 

0.14 

0.16 

0.23 

0.14 

Temperature 

0 

25 

22.5 

20.0 

7.0 

13.7 

TEMPERATURE  AND  ECLIPSE  HISTORY 

The  spacecraft  temperature  is  a function 
of  many  parameters ; the  most  important  of 
these  is  the  fraction  of  time  the  spacecraft 
spends  in  the  shadow  of  the  earth.  Other 
significant  parameters  are  amount  of  energy 
reflected  and  emitted  from  the  earth,  opera- 
tional duty  cycle  of  spacecraft,  orientation 
of  the  spacecraft  with  respect  to  the  sun,  and 
the  variation  of  the  earth-sun  distance.  All 
of  these  parameters,  but  particularly  opera- 
tional duty  cycle,  influence  the  temperature 
distribution  within  the  spacecraft  and  tem- 
perature variations  during  an  operational 


day  in  addition  to  the  average  overall  tem- 
perature. Figure  4-34  gives  the  temperature 
and  eclipse  history  for  Relay  I.  The  tem- 
perature indicated  represents  an  average 
value  for  the  thermal  sensor  (batteries  are 
almost  the  same) . 

The  amount  of  shadow  or  eclipse  encoun- 
tered by  the  spacecraft  during  the  year  var- 
ied from  full  sunlight  to  maximum  eclipse 
durations  of  50  minutes  (73  percent  sun- 
light) out  of  an  orbital  period  of  185  minutes 
(Figure  4-34).  This  variation  was  sufficient 
to  cause  a change  of  about  20  °C  in  the  space- 
craft temperature.  Long  eclipse  periods  also 
limited  the  duty  cycle  of  Relay  I due  to  re- 
duced total  power  from  the  solar  cells.  Since 
the  primary  variation  of  the  spacecraft  tem- 
perature is  the  overcharge  state  of  the  bat- 
teries, the  reduced  solar  power  was  partly 
responsible  for  lower  temperatures.  These 
factors  have  an  additional  effect  on  the  tem- 
perature distribution  of  the  spacecraft  as 
well  as  on  the  variation  in  temperatures  seen 
during  an  operational  day. 

The  spacecraft  has  an  active  temperature 
control  system  which  consists  of  louvers 
controlled  by  a temperature  sensor ; the  lou- 
vers move  from  fully  open  to  fully  closed  in 
response  to  a temperature  change  of  15  °C. 
This  is  not  instrumented  in  Relay  I so  that 
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there  is  no  telemetry  indication  of  the  opera- 
tion of  the  thermal  controller. 

During  the  operation  of  either  the  commu- 
nications subsystem  or  radiation  experiment, 
the  spacecraft  temperature  varies  by  several 
degrees.  Figure  4-35  gives  the  temperatures 
of  the  thermal  controller  sensor  and  batteries 
during  three  typical  operating  days,  and  also 
shows  the  influence  of  the  degree  of  over- 
charge on  the  temperatures.  The  tempera- 
tures are  highest  when  the  spacecraft  is 
acquired  on  the  first  pass  of  an  operational 
day,  after  the  batteries  have  been  in  over- 
charge for  several  hours.  The  significance  of 
the  overcharge-temperature  is  illustrated  on 
Rev  810  (Figure  4-35)  when  the  spacecraft 
was  acquired  with  the  radiation  experiment 
ON,  thereby  eliminating  the  overcharge  con- 
dition of  the  batteries.  The  decrease  in  tem- 
peratures from  pass  to  pass  during  an 
operational  day  can  be  seen  to  result  pri- 
marily from  discharge  of  the  batteries  which 
removes  the  overcharge  heat-producing  con- 
dition. 


During  a normal  operating  day  the  space- 
craft is  acquired  with  fully  charged  batteries* 
having  been  in  overcharge  for  perhaps  sev- 
eral hours.  This  period  of  overcharge  causes 
increased  temperatures  of  the  batteries  and 
adjacent  items.  In  the  “normal  operating 
day”  examples  of  Figure  4-35,  the  highest 
temperature  is  at  the  battery,  the  thermal 
sensor  is  next,  and  most  of  the  rest  of  the 
spacecraft  is  at  around  13  °C.  It  is  assumed 
that  the  temperature  of  the  batteries  at 
acquisition,  about  27°C  on  the  first  pass  of 
the  operational  day,  is  near  the  overcharge- 
equilibrium  temperature  of  the  batteries. 
The  transponder  is  then  operated,  causing 
partial  discharge  of  the  batteries  and  there- 
fore eliminating  the  overcharge  condition. 
The  batteries  do  not  change  temperature 
appreciably  during  the  first  transponder  op- 
eration of  the  day.  The  rest  of  the  spacecraft 
heats  up  during  the  operation  as  a result  of 
normal  component  operation  and  thermal  dis- 
sipation. 

During  the  time  between  the  end  of  the 
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Figure  4-35. — Effect  of  duty  cycle  on  spacecraft  temperature. 
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first  operation  and  the  start  of  the  second, 
the  batteries  are  being  charged  but  do  not 
reach  the  overcharge  condition  with  its  at- 
tendant heating.  They  cool  by  7°  or  8°C 
during  this  214-hour  period.  The  tempera- 
ture variations  during  the  rest  of  the  opera- 
tional day  can  be  accounted  for  by  the  same 
mechanism. 

Some  time  before  Rev  810,  the  radiation 
experiment  was  turned  on  by  anomalous 
command.  The  consequent  electrical  load 
prevented  the  batteries  from  reaching  the 
overcharge  condition,  and  the  acquisition 
temperatures  were  much  lower  than  usual 
(Figure  4-35).  A similar  effect  has  been 
noted  at  various  other  times.  Unusual  and/or 
anomalous  duty  cycles  of  the  spacecraft  are 
reflected  in  the  temperatures. 

The  spacecraft  temperature  variations  of 
Figure  4-35  illustrate  the  effect  of  duty  cycle 


on  temperature  during  the  period  of  March 
25  through  March  28  and  are  similar  to  the 
trends  seen  at  all  other  times.  During  other 
full  sunlight  periods  and  during  eclipse  sea- 
sons, the  average  temperatures  may  not  be 
as  high  nor  the  daily  variations  as  great,  but 
the  pattern  is  similar. 

The  daily  variation  of  the  active  thermal 
sensor  temperature  during  a three-day  period 
for  each  of  the  four  full  sunlight  seasons  is 
shown  in  Figure  4-36.  The  daily  variation 
during  the  March  season  was  greater  than 
during  other  seasons  and  was  caused  by  a 
longer  duty  cycle.  The  lower  overall  tempera- 
tures seen  during  the  August  full  sunlight 
season  were  caused  by  decreased  solar  cell 
efficiency  (with  consequent  lower  battery 
charge  and  reduced  overcharge)  and  by  the 
change  in  spacecraft  attitude  which  removed 
sunlight  from  the  lower  surface.  The  above 
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two  factors  did  not  change  appreciably  from 
the  August  to  the  November  full  sunlight 
season,  but  the  thermal  sensor  temperature 
during  the  latter  season  was  about  4°C 
higher.  Other  spacecraft  temperatures  did 
not  show  this  4°C  difference  but  were  about 
the  same.  The  fact  that  the  batteries  and 
thermal  sensor  were  warmer  during  the  lat- 
ter period  indicates  increased  electrical  ac- 
tivity (charge  and  discharge  of  batteries). 
This  might  be  attributed  in  part  to  different 
battery  characteristics  (variation  in  battery 
capacity  due  to  so-called  memory  effect)  but 
more  probably  the  increased  electrical  ac- 
tivity was  possible  due  to  a change  of  re- 
flected solar  energy  from  the  earth  (albedo). 
The  coincidence  of  a sub-satellite  perigee 
point  and  subsolar  point  causes  a significant 
increase  in  albedo  radiations.  Since  the  pre- 
cession of  perigee  does  not  have  a one-year 
period,  the  spacecraft  should  show  a long- 
term variation  in  temperature  depending  on 
how  the  lattitude  of  perigee  varied  with  re- 
spect to  the  latitude  of  the  sub-solar  point 
(i.e.,  time  of  year).  The  latitude  of  perigee 
was  closer  to  the  sub-solar  latitude  during 
the  November  full-sunlight  season  than  dur- 
ing the  August  full-sunlight  season. 

TELEMETRY,  TRACKING  AND 
COMMAND  SYSTEM  PERFORMANCE 

The  telemetry  system  consists  of  an  en- 
coder and  two  transmitters  on  frequencies 
of  136.140  and  136.620  Me.  Both  transmit- 
ters can  be  on  simultaneously,  with  one  pro- 
viding a cw  signal  for  tracking  purposes  and 
the  other  the  encoded  telemetry  data.  The 
horizon  scanner  can  also  modulate  the  tele- 
metry carrier,  although  not  while  the  encoder 
is  on. 

The  telemetry  system  is  Pulse-Code-Modu- 
lated (PCM)  at  a rate  of  1152  bits  per 
second.  Each  telemetry  word  consists  of  nine 
bits,  so  that  there  are  128  main  telemetry 
words.  Most  of  these  are  used  to  telemeter 
information  from  the  radiation  experiments. 
Only  10  of  the  main  frame  words  are  used 
for  monitoring  spacecraft  performance.  One 
of  these  is  subcommutated  into  64  channels. 


which  are  all  primary  spacecraft  measure- 
ments. 

Two  PCM/PDM/AM  command  receivers 
in  a redundant  configuration  are  used  in  the 
spacecraft  to  control  power  to  the  experi- 
ments and  to  switch  spacecraft  systems.  The 
carrier  frequency  is  approximately  150  Me. 
The  command  system  has  provision  for  re- 
ceiving 20  different  commands.  Two  redun- 
dant decoders  within  the  command  system 
allow  normal  execution  of  the  received  com- 
mands with  either  or  both  decoders  operative. 

From  the  time  of  launch,  command  system 
anomalies  have  been  persistent.  A command 
state  anomaly  is  defined  as  a state  of  the 
spacecraft  system  not  resulting  from  trans- 
mitted commands.  Observations  of  these 
anomalies  has  led  to  the  belief  that  the  pri- 
mary causes  are: 

1.  RF  interference  generated  internally  in 
the  spacecraft,  primarily  from  the  wideband 
system. 

2.  The  command  and  telemetry  systems 
share  a common  antenna  through  a hybrid, 
and  insufficient  rejection  allows  the  telemetry 
signal  to  feed  back  into  the  command  system. 

3.  The  command  receiver  sensitivity  is 
such  that  any  signals  near  150  Me  will  open 
the  squelch  circuit  allowing  any  internally 
generated  noise  to  enter  the  system. 

4.  The  command  system  requires  a posi- 
tive voltage  for  maintaining  an  OFF  com- 
mand state.  A system  voltage  decrease  to  a 
low  level,  as  occurred  during  deep  eclipses, 
often  resulted  in  command  state  changes. 

Figure  4-37  gives  a frequency  histogram 
of  all  command  anomalies  observed  from 
launch  through  Rev  2850.  These  are  com- 
pared with  the  spacecraft  temperature  and 
eclipse  history;  there  does  not  appear  to  be 
any  relationship  between  the  temperature 
eclipse  environment  and  the  anomalies.  Each 
bar  indicated  in  the  histogram  represents  a 
period  of  20  orbit  revolutions.  It  can  be 
seen  that  beginning  in  September  1963,  an 
increasing  number  of  command  anomalies 
occurred.  The  situation  became  so  serious 
that  NASA  Minitrack  Stations  were  utilized 
to  send  a series  of  normalizing  and  OFF 
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Figure  4-37. — Relay  I — command  anomaly  frequency  distribution  with  reference 
to  temperature  of  spacecraft  and  eclipse. 


commands  to  the  spacecraft  whenever  visi- 
bility existed.  This  procedure  was  instituted 
in  December  1963  and  only  six  command 
anomalies  were  observed  during  that  month. 
Table  4-8  gives  a summation  of  the  command 
state  anomalies  for  each  month  through  De- 
cember 1963. 

The  command  system  performance  on  Re- 
lay I led  to  several  recommendations  for 
Flight  Model  2.  These  were  as  follows: 

1.  A rejection  filter  added  to  the  command 
and  telemetry  antenna  to  prevent  any  tele- 
metry signals  from  reaching  the  command 
receiver. 

2.  Ferrite  beads  and  braided  shielding  in- 
corporated on  the  input  leads  to  the  TWT 
to  eliminate  the  primary  source  of  RFI. 

3.  Modifications  in  the  squelch  circuit  to 
desensitize  the  command  receivers. 

4.  System  changes  to  provide  a positive 
voltage  for  an  ON  command  state  and  zero 
voltage  for  an  OFF  command  state. 

These  changes  have  been  effective  in  elim- 
inating command  system  anomalies  on  Flight 
Model  2.  As  of  the  time  of  writing,  Relay  II, 
after  well  over  a month  in  orbit,  experienced 
no  command  system  anomalies.  It  was  noted 
in  the  section  covering  the  electrical  system 


performance  that  changes  were  made  in 
Flight  Model  2 to  provide  a positive  OFF 
command  for  the  wideband  system.  This  was 
accomplished  by  the  inclusion  of  magnetic 
latch  relays  that  must  be  energized  to  pro- 
vide the  unregulated  bus  input  to  the  voltage 
regulator  for  the  transponder.*  Figure  4-38 
is  a block  diagram  of  the  regulator  and  com- 
mand system  interface.  It  can  be  seen  that 
a positive  ON  command  will  provide  a signal 
to  the  solid-state  switch  in  the  regulator  and 
also  provide  a pulse  for  latching  the  relay 
in  the  ON  position.  Likewise  removal  of  the 
positive  ON  state  will  turn  off  the  solid  state 
switch  and  provide  a pulse  for  disconnecting 
the  relay. 

SPACECRAFT  ORIENTATION 

It  was  intended  to  determine  the  orienta- 
tion of  Relay  periodically  from  the  horizon 
scanner  and  sun  aspect  sensor.  This  informa- 
tion was  to  be  used  to  update  the  predictions 
of  the  spacecraft  look  angles.  The  wideband 
antenna  gain,  both  receive  and  transmit,  is 
a function  of  look  angle.  The  look  angle  is 

♦“Quarterly  Technical  Report  No.  8,  March  1963- 
May  1963,”  RCA  Document  No.  AED  R-1978,  22 
July  1963,  pp.  11-43-45. 
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Table  4-8. — Summary  of  Command  Anomalies 


Anomaly 

Dec  13 
1962 

Jan 

Feb 

Mar 

Apr 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Total 

Radiation  ON  _ . 

2 

1 

3 

| 

1 

7 

3 

1 

3 

6 

13 

7 

47 

Radiation  OFF  . . ...  - 

1 

1 

Horizon  scanner  ON  , ...  _ „ 

1 

1 

1 

2 

2 

11 

6 

1 

26 

Narrowband  mode,  _ _ __  _ 

1 

1 

2 

4 

10  1 

5 

23 

Wideband  mode* 

j 

1 

1 

1 

4 

4 

11 

Transponder  No.  1 ON  - _ _ _ 

2 

1 

1 

2 

1 

2 

1 

10 

Transponder  No.  2 ON  - 

1 

1 

2 

2 

6 

Load  cutoff  override  - - - 

1 

2 

2 

4 

3 

4 

2 

2 

3 

7 

7 

5 

42 

Mod  TLM  XMTR  No.  1 

3 

2 

1 

3 

3 

1 

3 

6 

13 

3 

38 

Mod  TLM  XMTR  No.  2 

Current  coil  positive- 

3 

3 

4 

3 

4 : 

9 

5 

31 

Current  coil  negative.  . 

1 

2 

2 

1 

2 

4 ■! 

8 

5 

2 

27 

Encoder  ON_  _ _ _ _ __  

2 

3 

1 

1 

1 

7 

4 

5 

4 

1 

29 

Encoder  OFF  _____  _ _ __  _ 

1 

2 

2 

5 

Both  TLM  transmitters  ON 

1 

4 

3 

2 

3 

3 

1 

8 

! 

8 

12 

5 

2 

51 

Both  TLM  transmitters  OFF  _ 

1 

1 

1 

4 

1 

2 

2 

5 

5 

5 ! 

10 

37 

TLM  transmitter  No.  1 ON/ 

No.  2 OFF. 

1 

1 

2 

! i 

4 

1 

1 

1 

3 

15 

Transponder  No.  2 OFF.  ______  _ _ 

1 

1 

2 

Total 

7 

20 

6 

16 

17 

33 

20 

11 

40 

57 

103 

65 

6 

401 

the  angle  between  the  spacecraft  spin  axis 
and  the  range  vector  from  any  ground  sta- 
tion. Had  the  look  angles  deteriorated  to  the 
point  where  adequate  communication  experi- 
ments could  not  be  performed  the  attitude 
control  system  on  Relay  would  have  been 
operated  to  obtain  a more  desirable  orienta- 
tion. However,  with  the  exception  of  Rev 
155,  the  horizon  scanner  never  yielded  use- 


Figure  4-38. — Block  diagram  of  interface  of  HP 
regulator  (flight  model  2)  with  command  system. 


ful  data.  Sun  aspect  data  and  horizon  scan- 
ner data  on  orbit  155  yielded  a spin  axis 
declination  of — 68.3  degrees,  and  a right  as- 
cension of  —56  degrees.  The  nominal  values 
are  —69.7  degrees  and  — 63.5  degrees  respec- 
tively. The  data  from  this  examination  gave 
an  attitude  that  differed  from  the  nominal 
predicted  attitude  by  2.5  degrees.  Fortu- 
nately, the  orientation  of  Relay  through  its 
operational  lifetime  has  been  such  that  it 
has  provided  excellent  radar  look  angles  for 
all  stations,  agreeing  closely  with  those  cal- 
culated before  launch. 

The  attitude  control  system,  which  consists 
of  a torquing  coil,  was  never  employed  al- 
though the  coil  was  found  to  be  ON  in  both 
positive  and  negative  modes  occasionally  due 
to  command  system  anomalies.  Due  to  the 
long  operation  time  constant  and  since  the 
coil  was  turned  on  randomly  in  both  the  posi- 
tive and  negative  directions,  it  was  felt  that 
this  had  no  net  effect  on  the  spacecraft  ori- 
entation. The  measured  magnetic  dipole 
moments  of  the  torquing  coil  when  operating 
are  — 1.68  and  +1.53  ampere-turn  meter2. 
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Figure  4-39. — Relay  I sun  aspect. 


The  sun  aspect  indicator  is  used  to  meas- 
ure the  angle  between  the  sun  direction  vec- 
tor and  the  spacecraft  spin  axis.  The  values 
measured  over  the  first  3500  revolutions  are 
given  in  Figure  4-89.  The  two  data  points 
at  84  degrees  have  been  ignored  since  it  is 
obvious  that  the  value  for  Rev  2500  is  in 
error.  Also  indicated  in  this  figure  is  the 
nominal  nonperturbed  sun  aspect,  for  com- 
parison. The  nominal  curve  is  derived  from 
the  following  relationship 

cos0=sin8ssinSB-f-  cos8scosSBcos  ( *s— vR ) 
where 

6 = Sun  look  angle 

Ss  = Declination  of  the  sun 
crs  — Right  ascension  of  the  sun 
8*  — Declination  of  spacecraft  spin  axis 
<rR  = Right  ascension  of  spacecraft 
spin  axis 

The  prelaunch  nominal  values  given  above 
for  the  spacecraft  spin  axis  declination  and 
right  ascension  were  used  to  generate  the 
nominal  curve.  Analysis  of  the  error  between 
the  predicted  and  actual  sun  aspect  angles 


is  difficult,  since  the  error  can  be  due  to  a 
drift  in  either  the  right  ascension  or  declina- 
tion of  the  spin  axis.  If  minimum  errors  in 
declination  and  right  ascension  are  assumed, 
the  total  can  be  as  great  as  3.5  degrees.  If 
the  error  is  considered  to  be  in  declination 
only,  it  can  be  as  much  as  5 degrees. 

The  observed  error,  or  difference  in  the 
actual  and  nominal  attitude,  can  be  equated 
to  the  angular  momentum  of  Relay.  If  one 
considers  the  error  to  be  in  declination  only, 
the  resultant  momentum  required  to  produce 
it  can  be  expressed  as  a function  of  time. 
The  derivative  of  this  function  will  then  yield 
the  torque  required  to  produce  the  resultant 
error.  This  type  of  analysis  yields  a maxi- 
mum disturbance  torque  of  2 X 10-6  foot- 
pounds. Considering  the  configuration  of  the 
Relay  spacecraft,  it  is  apparent  that  solar 
pressure  could  cause  some  deviation  of  the 
attitude.  However,  the  most  probable  cause 
is  the  effect  of  gravity  gradient.  It  is  reason- 
able to  assume  that  the  total  error  in  the 
spacecraft  attitude  is  primarily  due  to  grav- 
ity gradient  with  solar  pressure  responsible 
for  some  effect. 

SPIN  RATE 

The  spin  rate  of  Relay  has  decayed  from 
the  initial  value  of  167.3  rpm  to  151.85  rpm 
over  a period  of  3284  orbit  revolutions  or 
1.15  years  (see  Figure  4-40).  The  principal 
mechanisms  which  cause  spin  rate  decay  are 
hysteresis  losses  in  magnetic  material  and 
induced  eddy  currents.  The  results  given 
below  assume  that  the  primary  cause  of  the 
decay  is  damping  from  eddy  currents.  Ex- 
plicit expressions  have  been  developed  which 
describe  retarding  torques  due  to  eddy  cur- 
rents in  a thin  shell  of  conducting  material 
rotating  in  the  earth’s  magnetic  field.  These 
show  the  spin  rate  to  decay  exponentially 
with  time.  Because  most  satellites  have  a 
complex  structure,  a segmented  outer  skin 
with  broken  current  paths,  and  numerous 
small  metallic  containers,  it  is  extremely  diffi- 
cult to  predict  analytically  the  exponential 
time  constant. 
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Figure  4-40. — Spin  rate  decay  of  Relay  I. 


changing  the  eddy  current  situation  in  the 
spacecraft.  As  it  turns  out,  this  failure  oc- 
curred when  perigee  was  in  the  extreme 
southern  latitude.  The  other  two  points  of 
change  comparison,  Revs  1700  and  3000,  are 
at  times  when  perigee  was  in  the  extreme 
northern  then  again  southern  latitude  (see 
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Assuming  the  spin  rate  decay  indicated  in 
Figure  4-40  is  primarily  from  eddy  current 
damping,  the  following  expression  results 

m==<o0e-*/<r 

where 

<o  — Spin  rate  at  time  t 
a0  = Initial  spin  rate,  167.3  rpm 
i = Time  in  years 

r = Time  constant  11.9  years 

Examination  of  the  spin  rate  curve  shows 
that  around  Revs  600,  1700,  and  3000  a pro- 
nounced change  in  the  decay  rate  occurred. 
The  first  rate  change  was  evidently  caused 
when  the  battery  No.  2 charge  controller 
failed,  eliminating  Battery  No.  2 from  the 
system.  This  apparently  had  the  effect  of 


Figure  4-41. — Geocentric  latitude  of  perigee. 

Figure  4-41).  The  spacecraft  experiences 
maximum  interaction  with  the  earth’s  mag- 
netic field  when  perigee  is  in  the  extreme 
northern  and  southern  hemispheres.  This 
circumstance  apparently  has  been  responsi- 
ble for  the  changes  in  decay  rate.  However, 
the  spin  rate  decay  examined  over  the  11.9 
year  time  constant,  would  show  an  exponen- 
tial decay  and  the  minor  variations  due  to 
perigee  location  would  not  be  apparent. 

Author.  This  chapter  was  written  by 
D.  E.  Kendall  of  Space  Technology  Labor- 
atories, Inc.,  Redondo  Beach,  California, 
U.S.A.  under  contract  NAS  5-1302  with 
NASA/Goddard  Space  Flight  Center. 
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The  Microwave  Repeater 


GENERAL  DESCRIPTION 

The  Communications  Mission 

The  main  objective  of  Project  Relay  was 
to  provide  a high  quality  communications 
link  to  experimentally  verify  the  feasibility 
of  microwave  communications  via  an  active 
spacecraft  repeater. 

Thus,  it  was  decided  that  the  Relay  I 
spacecraft  would  be  used  in  either  of  two 
ways.  The  first  was  to  transmit  traffic  in 
one  direction,  where  the  specific  traffic  objec- 
tives were  300  voice  channels  or  one  3-Mc 
video  channel  with  sound  subcarrier.  The 
second  was  to  transmit  two-way  traffic  (24 
total  voice  channels)  originating  at  two  dif- 
ferent ground  stations  through  the  same 
repeater.  The  baseband  associated  with  this 
narrowband  mode  traffic  extended  from  12 
kc  to  108  kc.  The  spacecraft  specification 
required  transmission  of  twelve  voice  chan- 
nels in  one  direction,  using  a baseband  of 
12  kc  to  60  kc.  An  additional  twelve  channels 
were  transmitted  in  the  reverse  direction 
through  the  second  narrowband  using  a 
baseband  of  60  kc  to  108  kc. 

To  meet  the  latter  objectives,  a dual-mode, 
active,  heterodyne  repeater  was  designed  to 
maintain  near  CCIR  transmission  standards. 

Repeater  Functions 

The  microwave  repeater  received  fre- 
quency-modulated signals  from  one  or  two 
ground  stations,  amplified  these  signals, 


tripled  their  deviation  and  retransmitted 
them.  A block  diagram  of  the  wideband 
subsystem  is  shown  in  Figure  5-1.  The 
weight  allocation  of  the  total  spacecraft,  plus 
the  low  weight  designs  achieved  for  indi- 
vidual elements,  permitted  redundant  design 
in  which  all  active  repeater  elements  were 
supplied  in  duplicate. 

The  microwave  antenna  received  the  right- 
hand  circularly-polarized  carriers,  trans- 
mitted from  one  (or  two)  ground  stations, 
at  1725  Me  (or  1723.33  Me  and  1726.67  Me)  . 
These  carriers  were  divided  in  a 3-db  hybrid 
and  fed  to  each  of  two  receivers.  The  re- 
ceivers converted  the  carriers  to  a 70-Mc 
intermediate  frequency  (IF)  using  AGC  to 
control  the  IF  level. 

Each  receiver  had  dual  modes  of  operation. 
In  the  first  (single-station  mode) , the  ampli- 
fied IF  signal  was  tripled  to  210  Me,  trans- 
lated to  approximately  4170  Me,  fed  to  the 
traveling  wave  tube,  amplified,  and  trans- 
mitted through  one  of  the  two  parts  of  the 
microwave  transmitting  antenna.  The  output 
of  a beacon  oscillator,  for  use  in  tracking, 
operating  at  approximately  4080  Me,  was 
fed  into  the  beacon  coupler  and  was  also 
amplified  by  the  TWT.  Each  of  the  wideband 
subsystems  was  served  by  a separately  regu- 
lated power  supply,  to  achieve  redundancy 
of  the  active  elements. 

In  the  second  (or  two-station)  mode  of 
operation,  the  two  signals  which  are  offset 
in  frequency  were  separated  into  different 
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Figure  5-1. — Wideband  subsystem  block  diagram. 


channels  at  the  output  of  the  70-Mc  IF 
amplifier.  Each  channel  included  a limiter 
to  set  the  level.  After  limiting,  the  signals 
were  tripled  to  205  or  215  Me,  depending  on 
the  channel,  and  then  recombined.  The  com- 
bined signal  was  then  translated  back  to  the 
4170-Mc  band  and  subsequently  amplified  by 
the  traveling-wave  tube.  The  purpose  of  the 
dual-channel  mode  was  to  set  the  level  of 
each  channel,  and  avoid  unwanted  products 
which  would  occur  if  the  two  signals  were 
tripled  together. 

Specifications 

The  repeater  performance  specification*  is 
summarized  in  Table  5-1.  The  items  covered 
in  this  specification  include  the  general  con- 
figuration and  the  detailed  performance  spe- 
cifications. 

Basic  Design  Considerations 

General 

The  block  diagram  of  an  individual  re- 

* These  specifications  are  described  in  detail  in  the 
NASA/GSFC  DOCUMENT,  “Project  Relay  Per- 
formance Requirements,”  Rl-0130. 


peater  (minus  the  traveling  wave  tube  and 
its  power  supply)  is  shown  in  Figure  5-2. 
The  following  basic  considerations  resulted 
in  this  specific  configuration. 

Heterodyne  Repeater 

A heterodyne  repeater  provided  controlled 
amplitude  and  group-delay  characteristics 
in  the  IF  capable  of  amplifying  and  retrans- 
mitting FM  with  very  low  distortion  of  the 
baseband  information.  It  also  allowed  max- 
imum use  of  solid-state  components  for  low 
power  drain  and  high  reliability. 

The  state-of-the-art  did  not  permit  achieve- 
ment of  the  desired  10- watt  amplitude  power- 
level  required,  using  all  solid-state  compo- 
nents. Also,  earlier  work*  had  demonstrated 
the  feasibility  of  designing  light-weight, 
high -gain,  high  - efficiency  traveling -wave 
tubes  capable  of  withstanding  spacecraft 
launch  environment  and  of  operating  reliably 

*H.  R.  Mathwieh,  J.  D.  Kiesling,  “A  Reliable 
Wideband  Transmitting  Amplifier  for  Space  Appli- 
cation,” Conference  Proceedings  1962  National  Win- 
ter Convention  on  Military  Electronics,  p.  378  and 
appendix. 
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Table  5-1. — Summary  of  Performance  Requirements — Microwave  Repeater 


I.  EQUIPMENT 

The  Microwave  Repeater  will  consist  of  two  complete  separate  trans- 
ponders, a single-port  receiving  antenna,  and  a two-port  transmitting 
antenna.  Only  one  transponder  shall  operate  at  a time,  with  the 
second  unit  available  as  a back-up. 

Each  transponder  will  contain  the  following  major  units: 

a.  Receiver 

b.  Transmitter 

c.  Tracking  Beacon 

II.  GENERAL  SYSTEM  CONSIDERATIONS 
A.  Received  signal  (at  spacecraft  antenna) 

1,  One-way  (wideband)  transmission 

Signal  strength 

— 40  to  — 60  dbm 

Frequency __  

1725  Me 

Bandwidth _ 

14  Me  max. 

Modulation 

FM 

Polarization _ __  

RH  circular 

2.  Two-way  (narrowband  transmission 
Signal  strength  (each  carrier) 

— 40  to  — 80  dbm 

Max.  differential  signal  strength 

10  db 

Frequency  _ 

1723.333  Me 

Bandwidth  (each  carrier)  

1726.667  Me 
1.5  Me 

Modulation  __  _ 

FM 

B.  Radiated  signal 

1 . One-way  transmission 

Effective  radiated  power  _ _ _ 

5 watts  min.  over 

Frequency  _ _ _ 

the„  look  angle 
from  40°  to  115° 
4169-72  Me 

Bandwidth  (obtained  by  multiplying  the 
received  signal  modulation  index  by  a 
factor  of  three). 

Polarization  __  

23  Me  max. 
LH  circular 

2.  Two-way  transmission 

Effective  radiated  power  (each  carrier) 

Frequency  _ 

Bandwidth  (each  carrier — obtained  by 
multiplying  the  received  signal  modula- 
tion index  by  a factor  of  3) . 

Polarization  _ _, __  

1.6  watts  min.  over 
the  $ look  angle 
from  40°  to  115° 

4164.72  Me 

4174.72  Me 
2.5  Me 

LH  circular 

3-  Tracking  beacon 

Effective  radiated  power  _ _ _ _ . 

10  mw,  referred  to 

Frequency.  _ „ 

a linear  antenna 
at  any  orienta- 
tion normal  to 
direction  of  prop- 
agation over  the 
look  angle  of  40° 
to  115°  (200  mw 
into  an  antenna 
with  a 13  db 
axial  ratio) 
4169.72  Me 

Polarization.  _ _ . . _ __ 

LH  circular 

III . ANTENNA  SUBSYSTEM 


Radiation  pattern. 


— 1 db,  with  respect 
to  isotropic,  for 
4>  from  40°  to 
115° 


Assymetry  about  spin  axis. 

Feed  losses ^ _ _ _ 

Polarization 

Receive. r — 

Transmit---,. 

Axial  ratio 


1 db  (peak-to-peak 
gain  variation) 

1 db  max 

RH  circular 
LH  circular 
5 db  max.  over  look 
angle  35°  to  120° 


VSWR 
Receive.  _ 
Transmit. 
Isolation. 


2.0:1 

1.6:1 

16  db  min.  between 
transmit  and  re- 
ceive ports 


IV.  RECEIVER  UNIT 
A.  Input  characteristics 
Input  frequency 

One-way . — 

Two-way — 

Frequency  stability ...  — _ 

Bandwidth  (referred  to  input) 

One-way  transmission 
1 db  BW 
3 db  BW 

Two-way  transmission 


1725.00  Me 
1723.333  Me  and 
1726.667  Me 
± .002% 


14  Me  min. 
20  Me  min. 


1 db  BW 

3 db  BW 

Image  rejection 

Noise  figure  (including  input  hybrid) 

Dynamic  range 

B.  Output  characteristics 
Output  frequency 

One-way .... 

Two-way 


1.5  Me  min. 

2.0  Me  min. 

20  db  min. 

14  db  max. 

— 40  to  —80  dbm 


4169.72  Me 

4164.72  Me  and 


Bandwidth  (1  db)  after  tripling 

Group-delay  (over  23  Me  output  bandwidth) 

Parabolic.  

Linear. , - 

Ripple.  - --  ----  - __  _-  __  __  — — — _ 

Spurious  response ------ 


4174.72  Me 
23  Me 

50  X 10- 9 see. 

5 X 10- 9 sec. 

5 X 10- 9 sec. 

30  db  below  desired 
signal 


V.  TRANSMITTER  UNIT 
Saturated  RF  power  output. 

TWT  efficiency 

High  voltage  P.S.  efficiency . 
Spurious  outputs 


10  w min. 

21% 

80% 

25  db  (min)  below 
desired  signal 


VI.  BEACON  UNIT 

Frequency.  

Power  output  __  

Incidental  phase  modulation 
at  less  than  100  eps  rate__ 
above  100  cps  rate.— _ 


4079.73  Me 
+23  dbm  typical 

less  than  0.1  rad. 
less  than  0.4  rad. 


in  the  space  environment.  Thus,  a traveling- 
wave  tube  was  used  as  the  final  RF  amplifier 
and  power-output  device. 

The  use  of  a 70-Mc  IF  center  frequency- 
permitted  maximum  use  of  existing  design 
art.  Also,  the  frequency  was  high  enough  to 
permit  reasonable  filtering  for  image  rejec- 


tion and  sideband  filtering  at  RF  consistent 
with  the  wide  bandwidth  required  for  low 
group-delay  distortion. 

Deviation  Tripling 

Deviation  tripling  was  employed  to  com- 
pensate for  the  bandwidth-limited  transmit- 
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BW  = 35  Me 
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Figure  5-2. — Block  diagram  of  receiving  and  transmitting  circuit. 


ting  klystron  used  in  the  ground  stations. 
In  this  manner,  the  transmitting  klystron 
could  be  used  over  a restricted  bandwidth 
(less  than  14  Me)  to  maintain  reasonable 
phase  linearity,  while  the  critical  downgoing 
link  (from  spacecraft  to  ground)  could  em- 
ploy larger  deviations  and  obtain  the  required 
baseband  signal-to-noise  by  virtue  of  FM 
improvement. 

Dual-Mode  Operation 

One  wideband  or  two  narrowband  channels 
were  specified.  In  the  wideband  mode  (one 
wideband  signal  present) , the  IF  output  was 
tripled,  and  converted  to  4 Gc  for  retrans- 
mission. In  the  narrowband  mode,  individual 
tripling  had  to  be  provided  for  each  carrier, 
to  prevent  signal  suppression,  and  to  keep 
the  intermodulation  products  to  a reasonable 
level. 

Placing  the  narrowband  frequencies  with- 
in the  wideband  bandwidth  permitted  the 
change  from  wideband  to  narrowband  modes 
by  switching  only  the  triplers  (with  a filter 
preceding  each  narrowband  channel).  This 
switching  technique  also  required  that  the  IF 
amplifier  have  a linear  transfer  character- 
istic to  the  point  where  the  two  narrowband 
carriers  were  separated. 


Input  Circuitry 

In  the  RF  input  circuitry,  a hybrid  was 
used  between  the  microwave  antenna  and 
the  two  receivers.  This  split  the  incoming 
carrier  equally  between  the  two  receivers, 
causing  an  increase  in  the  effective  noise 
figure  of  each  receiver.  Since  the  ground-to- 
spacecraft  link  has  a high  carrier-to-noise 
ratio,  this  design  philosophy  was  preferable 
to  the  use  of  an  RF  switch  in  terms  of  reli- 
ability. 

IF  Amplifier 

To  meet  the  phase  linearity  requirements 
for  the  transmission  of  300  FDM  voice  chan- 
nels in  the  wideband  mode,  and  to  minimize 
crosstalk  due  to  FM-to-AM-to-PM  conversion 
in  the  narrowband  mode,  the  IF  amplifier 
was  built  video-style.  In  this  way,  the  indi- 
vidual amplifier  stages  were  built  like  video 
amplifiers  with  gain  determined  by  the  ratio 
of  feedback  impedances.  The  overall  band- 
width of  the  IF  amplifier  was  determined  by 
a double-tuned  circuit  at  the  input  (to  opti- 
mize the  first-stage  noise  figure)  and  a single- 
tuned  stage  at  the  output  (for  efficient  RF 
amplification  at  the  100  mw  level) . 

Microwave  Anfenna 

In  the  repeater  output,  a breakthrough  in 


THE  MICROWAVE  REPEATER 


95 


antenna  design  made  possible  the  combina- 
tion of  the  outputs  of  the  two  traveling-wave 
tube  amplifiers  without  the  use  of  switches, 
without  power  loss,  and  consistent  with  oper- 
ational requirements  regarding  polarization. 
Functionally,  the  microwave  transmitting 
antenna  accepted  the  output  of  either  of  the 
two  TWT’s,  providing  at  least  18  db  of  de- 
coupling between  the  tubes,  and  radiated 
either  carrier  left-hand  circularly  polarized. 
The  degree  of  freedom  used  to  provide  the 
decoupling  was  in  the  sense  of  the  phase 
rotation  of  the  radiation  as  a function  of 
angle  around  the  spacecraft  spin  axis. 

Traveling-Wave  Tube 

The  traveling-wave  tube  used  as  the  RF 
power  amplifying  and  output  device  was  a 
most  significant  part  of  the  repeater.  Its 
design  and  performance  characteristics  are 
described  starting  on  page  106. 

MICROWAVE  ANTENNA 
General  Description 

During  system  planning,  a broadband  disc- 
cone  type  antenna  was  proposed  for  the 
Relay  I microwave  antenna.  This  would  have 
had  linearly-polarized  radiation  patterns. 
The  two  transmitters  would  have  been  con- 
nected selectively  to  the  antenna  by  an  RF 
switch.  During  the  early  development  pe- 
riod, the  present  antenna  was  proposed  as 
being  superior  in  several  respects:  First, 
both  transmit  and  receive  patterns  could  be 
circularly  polarized  with  consequent  trans- 
mission gain  in  each  of  3 db.  Second,  the  two 
transmitters  could  be  permanently  connected 
to  the  antenna  without  loss  and  with  much 
greater  reliability  than  could  be  achieved 
through  a switch.  Although  unproven  exper- 
imentally, this  concept  had  sufficient  promise 
to  be  accepted,  and  it  was  carried  through  to 
successful  completion. 

The  antenna  mast  was  located  along  the 
spin  axis  to  avoid  signal  amplitude  modula- 
tion during  spinning.  The  apertures  on  the 
mast  were  located  as  far  as  possible  from 
the  spacecraft  body,  to  avoid  pattern  distor- 


tion by  re-radiation  or  refraction  by  the 
spacecraft. 

A photograph  of  the  flight  model  antenna 
is  shown  in  Figure  5-3.  Figure  5-4  is  a 
sketch  showing  the  assembly  in  cross-section. 

The  assembly  consists  of  a 1-3/4-inch 
cylindrical  mast,  approximately  27  inches 
high.  This  mast  supports  the  two  pairs  of 
spaced,  circular,  metal  discs  which  are  the 
apertures  for  the  receiving  and  transmitting 
functions.  Within  this  mast  are  two  coaxial 
tubes  which  separate  the  energy  fed  from  the 
transmission  line  connecting  points  Jl,  J2, 
and  J3  to  the  two  apertures.  Connection  Jl 
is  the  output  from  the  7-inch  diameter  re- 
ceiving aperture  at  the  top.  Connectors  J2 
and  J3  are  the  two  inputs  to  the  5-inch  diam- 
eter transmitting  apertures.  Immediately 


Figure  5-3.—' The  microwave  antenna. 
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-27  1/2“  - 


Figure  5-4. — Wideband  antenna,  mechanical  configuration. 


below  the  transmitting  aperture  is  the  7-inch 
diameter,  radial-wire,  grid  assembly.  The 
grid  assembly  and  the  four  aperture  discs 
are  supported  by  polyurethane-foam  spacers. 
A crystal-detector,  transmitter-power-mon- 
itoring probe  is  located  midway  between  the 
two  transmitter  input  connectors.  The  metal- 
lic portions  of  the  antenna  are  constructed 
of  aluminum  alloys.  The  complete  assembly 
weighed  2.1  pounds,  and  the  center  of  grav- 
ity was  located  11.4  inches  from  the  base. 

Transmitting  Antenna 

Electrically,  the  transmitting  antenna  con- 
sists of  five  parts : the  mode  transducer,  the 
coaxial  waveguide  tranmission  line,  the  quar- 
ter-wave plate,  the  inclined-slot  exciters,  and 
the  radial  waveguide.  A detailed  description 
of  these  parts  follows  (refer  to  Figure  5-4)  . 

The  mode  transducer  consists  of  two  de- 
coupled  input  ports  at  the  base  of  the  an- 
tenna. With  this  the  input  coaxial  TEM- 
mode  line  can  feed  the  coaxial  TEn-mode 
line  in  the  mast.  Each  input  port  consists 
of  a short  section  of  rectangular  waveguide 
coupled  to  the  coaxial  waveguide  through  a 
narrow  longitudinal  slot  cut  in  the  outer 
conductor  of  the  coaxial  waveguide.  The 
coaxial  line  from  the  TWT  amplifier  excites 
a short  probe  through  the  broad  face  of  the 
rectangular  waveguide  section.  The  probe 


length  and  location,  the  positioning  of  the 
shorting  plate  in  the  rectangular  waveguide, 
the  slot  dimensions,  and  the  positioning  of 
the  slot  from  the  shorting  disc  in  the  coaxial 
waveguide  are  adjusted  to  provide  an  imped- 
ance match  through  the  transitions. 

The  two  ports  were  oriented  at  right 
angles  so  that  the  TEu  modes  excited  in  the 
coaxial  waveguide  would  be  orthogonal,  as 
required  for  proper  operation.  In  addition, 
the  ports  were  one  guide  wavelength  apart 
to  reduce  direct  cross-coupling  between 
ports.  For  this  condition,  the  cross-coupling 
isolation  had  been  measured  at  more  than 
20  decibels.  Experimental  measurements  on 
orthogonal  ports  without  offsets  have  shown 
the  cross-coupling  isolation  to  be  not  more 
than  8 decibels. 

The  coaxial  waveguide  consists  of  the 
1-3/4-inch  outer  conductor,  which  is  the 
principal  part  of  the  mast,  and  the  3/4-inch 
inner  conductor.  The  quarter-wave  plate 
for  polarization  conversion,  used  in  the  final 
design,  consists  of  two  longitudinal  metal 
ridges  attached  on  opposite  sides  of  the 
coaxial  waveguide  inner  conductor.  The 
plane  of  the  ridges  is  at  45-degrees  with 
respect  to  the  orthogonal  input  ports.  The 
ridges  are  seven  inches  long,  with  the  ends 
tapered  to  prevent  reflections.  Dimensions 
of  the  ridges  were  adjusted  to  convert  line- 
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arly  polarized  waves  from  either  of  the  input 
ports  to  circularly  polarized  waves  traveling 
toward  the  radiating  section.  Thus,  the 
waves  exciting  the  radiating  slots  are  circu- 
larly polarized. 

The  radiator  consists  of  eight,  equally- 
spaced  slots  cut  in  the  outer  conductor  of  the 
coaxial  waveguide  above  the  quarter-wave 
plate.  The  slots  are  approximately  one-half 
wavelength  in  length  and  are  inclined  at  an 
angle  of  55-degrees,  with  respect  to  the  wave- 
guide axis,  to  provide  both  axial  and  tangen- 
tial radiation  components.  These  components 
were  found  to  be  in-phase  by  experimental 
measurements. 

The  required  quadrature  phasing  of  these 
components,  so  that  the  radiated  field  would 
be  circularly  polarized,  was  obtained  by 
using  two,  parallel,  metal  discs.  The  phase 
velocity  of  the  axial  component  was  unaf- 
fected by  these  discs.  The  phase  velocity  of 
the  tangential  component,  however,  was  a 
function  of  the  spacing.  Hence,  by  proper 
choice  of  spacing  and  diameter,  a differential 
phase-shift  of  90-degrees  between  these  two 
components  was  obtained,  to  produce  circu- 
lar polarization  in  the  plane  normal  to  the 
spin  axis  (0  = 90°). 

It  became  evident  during  the  development 
phase  that  the  antenna  location  alone  was 
not  a complete  solution  to  the  pattern  dis- 
tortion problem.  Re-radiation  from  the 
spacecraft  created  a pattern  hole,  particu- 
larly in  the  transmit  patterns. 

An  eight-db  null  on  one  port  at  6 equal  50 
degrees  was  particularly  offensive,  being  well 
within  the  desired  coverage  region.  Consid- 
erable effort  was  taken  to  eliminate,  or  at 
least  reduce,  the  effect.  At  the  beginning  of 
the  project,  it  was  anticipated  that  this  type 
of  reflection  could  cause  trouble  and  it  was 
suggested  that  RF  absorbing  material  might 
be  required  on  the  top  surface.  But  thermal 
needs,  material  considerations,  and  weight 
problems  made  this  less  than  a perfect  solu- 
tion. However,  the  effect  of  absorbing  mate- 
rial on  the  top  surface  was  tried  experimen- 
tally. The  desired  effect  in  reducing  the 
pattern  hole  was  obtained,  but  this  did  not 


provide  a full-coverage  pattern.  The  pattern, 
without  the  reflected  signal,  tended  to  be 
symmetrical  about  the  equatorial  plane  and 
not  sufficiently  broad  to  encompass  system 
look-angle  specifications. 

The  need  was  either  to  tilt  the  pattern 
toward  the  nose  or  to  broaden  the  pattern. 
The  spacing  and  the  diameters  of  the  radial 
discs  were  determined  by  the  method  of 
forming  circular  polarization.  Thus,  the 
aperture  could  not  be  varied  independently 
to  control  beamwidth.  Efforts  to  tilt  the 
pattern  for  the  desired  asymmetry  (by  re- 
shaping the  planar  discs  into  double,  non- 
flared  cones)  seemed  to  be  ineffective.  Simi- 
larly, the  pattern  width  was  not  affected,  nor 
the  beam  tilted,  by  extending  the  lower  disc. 

The  most  sensitive  method  of  controlling 
the  pattern  entailed  controlling  the  space- 
craft’s top-surface  re-radiation. 

The  most  satisfactory  results  were  ob- 
tained by  using  a polarization-sensitive, 
reflecting  disc.  The  primary  radiation  from 
the  transmitter  was  circularly  polarized  and, 
upon  reflection  from  the  spacecraft  top  sur- 
face, the  sense  of  circularity  was  reversed. 
Thus,  to  be  most  useful  for  filling  in  the 
pattern  in  the  nose  region,  the  energy  had 
to  be  reflected  without  this  reversal.  This 
was  accomplished  with  a polarization-sensi- 
tive reflector,  located  just  below  the  trans- 
mitting antenna,  as  shown  in  Figures  5-3 
and  5-4.  This  reflector  consisted  of  a radial 
wire  grid  and  a metal  sheet.  Each  of  these 
was  circular  in  shape  and  spaced  a quarter- 
wavelength  from  each  other.  The  wire  grid 
consisted  of  36  equally-spaced,  radial,  0.032- 
inch-diameter  wires.  The  incident-field  com- 
ponent, parallel  to  an  individual  wire,  was 
reflected,  while  the  orthogonal  component 
passed  through  and  was  reflected  by  the 
metal  sheet.  The  added  half-wavelength  of 
travel  for  the  one  component  insures  that 
the  over-all  reflection  process  does  not  re- 
verse the  sense  of  circular  polarization  as  is 
normally  the  case  for  metallic  reflection. 
Thus,  this  reflected  signal  reinforces  the  pri- 
mary radiation  toward  the  nose  region  and, 
inasmuch  as  the  reflected  signal  and  primary 
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signal  are  effectively  originating  from  points 
close  together,  this  reinforcement  holds  over 
a wide  angle. 

The  radiation  patterns  of  the  transmitting 
antenna  are  shown  in  Figures  5-5  and  5-6. 
These  patterns  were  taken  with  the  antenna 
in  place  on  the  spacecraft.  The  gain  is  ref- 


F  = 41 70  Me . GAIN  REFERENCE  IS  ISOTROPIC 
CIRCULAR  TO  CIRCULAR. 


Figure  5-5. — Microwave  transmitting  antenna 
radiation  pattern,  polar  plot. 


F = 41.70  Me  , GAIN  REFERENCE  IS  ISOTROPIC 
CIRCULAR  TO  CIRCULAR 

Figure  5-6. — Microwave  transmitting  antenna 
radiation  pattern,  equatorial  plot. 


erenced  to  a circularly-polarized  isotropic 
radiator. 

The  specifications  required  a gain  of 
greater  than  — 1 db  for  angles  of  <j>  between 
40°  and  115°. 

The  VSWR  and  cross -coupling  of  the 
transmitting  and  receiving  antennas  are 
shown  in  Tables  5-2  and  5-3. 


Table  b-2.—VSWR 


Freq. 

1725  Me 

4080  Me 

4170  Me 

Jx 

1.42 

J2---  ___ 

1.08 

1.25 

J Z- 1 

1,85 

1.08 

Table  5-3.— 

-Cross-Coupling 

Freq. 

4080  Me 

4170  Me 

J 2 tO  J 3 

18.4  db 

21.3  db 

J 2 to  J 1 

> 50  db 

>50  db 

The  axial  ratio  of  the  radiated  energy 
from  the  top  port  (J3)  of  the  transmitting 
antenna  is  shown  in  Figure  5-7.  The  two 
curves  shown  (0t  and  02)  were  taken  in  a 
common  plane  through  the  spin  axis. 

A probe  for  sampling  the  field  in  the  trans- 
mitter transmission  line  was  developed  and 


Figure  5-7. — Microwave  transmitting  antenna. 
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incorporated  into  the  flight  model.  This 
probe  is  located  midway  between  the  two 
transmitter  input  ports  so  that  it  samples 
both  approximately  equally.  The  probe  is 
light.lv  counled  to  the  line  so  that  there  is 
no  degradation  to  the  impedance  match  or 
port  isolation.  The  crystal  output  is  dc  and 
is  used  to  modulate  a telemetry  channel. 

Receiving  Antenna 

The  receiving  antenna  consists  of  three 
electrical  parts:  the  transmission  line,  the 
inclined  radiating  slots,  and  the  radial  wave- 
guide. The  coaxial  transmission  line  carries 
the  TEM  mode  energy,  excited  at  the  base 
at  Ji,  to  the  inclined  half-wavelength  slots 
cut  in  the  outer  conductor. 

A pair  of  capacitive  probes  are  located 
adjacent  to  each  slot  to  increase  the  cou- 
pling of  the  slot  to  the  TEM  mode.  A short- 
circuited  stub  at  the  end  of  the  transmission 
line  assists  in  matching  the  slots  to  the  line. 
The  receiving  radial  waveguide  acts  simi- 
larly to  that  of  the  transmitter  in  causing  a 
90-degree  phase  shift  between  the  orthog- 
onal, axial  and  tangential  electric-field  com- 
ponents. The  slots  are  oppositely  inclined 
to  those  of  the  transmitter,  resulting  in  op- 
posite-sense, circular  polarization. 

A considerable  amount  of  time  and  effort 
was  expended  in  attempting  to  construct  the 
receiver  radiating  slots  in  the  same  diameter 
tube  as  that  employed  for  the  transmitting 
antenna.  The  objective  was  to  decrease  the 
weight  and  size  and  to  simplify  the  mechan- 
ical assembly.  Such  a design  was  to  give  the 
desired  circular  polarization  and  0-plane 
pattern.  However,  it  was  not  possible  to 
obtain  sufficient  impedance  bandwidth.  This 
is  believed  to  have  occurred  because  the 
antenna,  inherently  a high-Q  device,  was 
much  too  small  electrically,  at  the  receiving 
frequency.  After  some  difficulty,  the  receiver 
channel  was  successfully  matched  over  the 
14-Mc  bandwidth.  The  use  of  a larger  diam- 
eter coaxial  section  feeding  the  slots  aided 
materially,  but  it  was  necessary  to  further 
increase  the  coupling  of  the  slots  to  the  guide. 
This  was  done  by  placing  capacitive  stubs 


between  the  slots  and  the  inner  line  of  the 
coax.  After  fabrication,  a final  adjustment 
with  a tuning  stub  at  the  top  end  of  the 
antenna  was  made  to  set  the  receiver  fre- 
quency at  the  center  of  the  matched  band. 

The  polar-radiation  pattern  of  the  receiv- 
ing antenna,  in  place  on  the  spacecraft,  is 
shown  in  Figure  5-8.  Primarily  due  to  the 
symmetry  of  the  receiving  antenna  feed  sys- 
tem about  the  spin  axis,  the  polar  radiation 
pattern  at  6 = 90°  was  indistinguishable 
from  a perfect  circle  (with  the  scale  used). 

Fabrication 

The  wideband  antenna  was  fabricated  by 
using  welding,  knurling,  rolling,  and  epoxy 
to  join  the  various  sections.  In  the  concept 
review,  it  was  evident  that  special  tech- 
niques would  have  to  be  developed  to  meet 
environmental  requirements  and  to  achieve 
the  weight  requirement  associated  with  the 


180° 


Figure  5-8. — Microwave  receiving  antenna 
radiation  pattern,  polar  plot. 
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physical  location  of  the  antenna  on  the  space- 
craft. Because  of  structural  and  fabrication 
needs,  the  unit  was  subdivided  into  three 
major  parts  : (1)  base,  (2)  center  conductor, 
and  (3)  outer  conductor. 

The  base,  having  waveguide  sections 
welded  to  it,  presented  a problem  in  main- 
taining concentricity  of  the  inner  diameters. 
The  use  of  castings  was  considered,  but  no 
assurance  could  be  given  that  a sound  casting 
could  be  provided  with  the  wall  thickness 
required.  If  the  wall  thickness  were  in- 
creased, casting  would  have  been  possible, 
but  the  increase  in  weight  would  have  ad- 
versely affected  the  over-all  spacecraft.  The 
base  was  made  from  a 4-inch  bar  of  6061-T6 
aluminum.  After  turning  the  outer  diam- 
eters, the  waveguide  sections  were  welded, 
the  assembly  was  stress-relieved,  and  the 
inner  diameters  of  the  base  were  bored.  This 
achieved  the  desired  result  : a strong,  uni- 
form, light-weight  base. 

Attachment  of  two,  thin,  polarizer  bars  to 
the  outer  diameter  of  the  center  conductor 
was  necessary.  Consideration  was  given  to 
welding,  casting,  plating,  and  metal  spraying 
to  build  up  the  strength  of  these  bars.  The 
end  products  were  fabricated  by  welding, 
while  using  another  bar  inside  the  tube  as  a 
heat  sink  to  eliminate  warpage.  The  weld 
and  bars  were  then  machined  to  the  desired 
shape. 

The  outer  conductor  was  welded,  using  a 
mandrel  to  hold  the  pieces.  The  assembly 
was  then  machined  to  the  required  dimen- 
sion. 

Joining  the  outer  conductor  to  the  base  was 
accomplished  by  using  a knurled  junction,  to 
achieve  good  electrical  contact,  and  by  using 
epoxy  bonding  to  assure  a good  mechanical 
joint. 

Discs  required  for  the  apertures  were 
tested  on  a breadboard  assembly.  It  was  de- 
termined that  excessive  thickness  would  be 
required  to  meet  the  vibration  requirements 
if  the  plates  were  unsupported.  Because  of 
the  location  of  these  discs,  not  only  would 
the  weight  increase  be  undesirable,  but  the 
antenna  center-of-gravity  would  also  be  far- 


ther from  the  base  and  consequently  farther 
from  the  center-of-gravity  of  the  spacecraft. 
This  condition  would  create  problems  in- 
volving the  spacecraft  moment-of-inertia. 
Therefore,  it  was  necessary  to  make  the  discs 
as  thin  as  practicable.  The  discs  were  made 
of  0.005-inch  aluminum  and  were  bonded  to 
polyurethane  foam  for  support.  The  neces- 
sary electrical  contact  was  accomplished  by 
using  a fillet  of  silver-loaded  epoxy. 

The  result  of  the  above  techniques  was  an 
antenna  weighing  only  2.1  pounds  which  met 
environmental,  electrical,  and  interface  re- 
quirements. 

THE  MICROWAVE  RECEIVER 
Design  Philosophy 

The  design  of  the  wideband  receiver  was 
the  result  of  careful  consideration  of  the 
dominant  factor  of  reliability.  For  example, 
the  frequency  plan  was  the  result  of  inter- 
ference considerations,  and  an  attempt  to 
minimize  the  number  of  multiplier  stages 
used  in  generating  microwave  signals.  Be- 
side applying  the  specified  de-rating  of  elec- 
trical components,  the  following  rules  were 
observed : 

1.  Complexity  of  circuits  had  to  be  kept  to 
a minimum. 

2.  All  circuits  had  to  be  stable  beyond  the 
anticipated  temperature  range  and  compo- 
nent variation  values 

3.  Power  drain  had  to  be  kept  to  a min- 
imum 

4.  The  number  of  adjustable  components 
had  to  be  minimized. 

Observation  of  the  above  rules  sometimes 
led  to  unorthodox  circuit  designs.  For  ex- 
ample, in  trying  to  conform  to  rule  (1)  , it 
was  decided  that  dissipation  in  the  crystal 
in  the  local  oscillator  (LO)  circuit  should 
exceed  the  manufacturers  recommendation, 
rather  than  use  an  additional  transistor. 
This  was  decided  after  establishing,  beyond 
doubt,  that  the  dissipation  rating  given  by 
the  manufacturer  for  one  hundred-mega- 
cycle quartz  crystals  was  extremely  conserv- 
ative. Dissipations  of  three  to  four  milli- 
watts were  used,  instead  of  the  recommended 
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maximum  of  1 milliwatt.  Observation  of  rule 
(3)  led  originally  to  the  choice  of  varactor 
triplers  for  the  IF  multiplier  section  because 
they  do  not  require  dc  power.  Early  produc- 
tion testing  showed  that  this  type  of  wide- 
band multiplier  had  questionable  stability 
over  a wide  temperature  range.  It  was  de- 
cided, therefore,  that  transistor  triplers 
would  be  substituted  with  less  economy  of  dc 
power.  Observation  of  rule  (4)  led  to  a 
lengthy  production  testing  cycle.  This  un- 
questionably added  to  the  reliability  of  the 
equipment. 

In  the  course  of  the  development,  several 
simplifications  were  made  possible  in  the 
original  block  diagram.  These  changes 
mainly  affected  the  varactor  multiplier 
chains.  For  example,  after  successful  experi- 
ments with  a quadrupler  circuit,  it  was  real- 
ized that  the  number  of  multiplier  stages 
could  be  reduced.  The  receiver  oscillator 
became  a chain  of  two  quadruplers  and  the 
transmitter  local  oscillator  chain  became  a 
quadrupler  followed  by  two  triplers.  Thus  a 
very  small  number  of  multipliers  are  used  to 
achieve  relatively  high  frequencies.  A simi- 
lar change  was  made  in  the  beacon  trans- 
mitter, where  the  multiplication  scheme 
became  a quadrupler  followed  by  a 9-times 
multiplier. 

Circuit  Description 

Introduction 

The  wideband  receiver  was  essentially  a 
heterodyne  repeater.  The  input  and  output 
frequencies  were  1725  Me  and  4170  Me  re- 
spectively. As  shown  in  the  System  Block 
Diagram  (see  Figures  5-1  and  5-2)  inde- 
pendent LO’s  were  used  at  the  input  and 
output  mixers.  A detailed  description  of  each 
sub-unit  follows. 

Input  Filter 

The  input  filter  acted  as  a preselector  to 
permit  passage  of  the  1725  Me  input  signal. 
Other  interfering  signals,  such  as  the  TWT 
output  signal  and  receiver  image  frequen- 
cies, were  rejected.  The  filter  consisted  of 
three  mutually-coupled,  quarter-wave,  tuned, 


transmission-line  cavities.  Input  and  output 
coupling  was  achieved  by  inductive  coupling 
loops.  The  filter  had  a 3-db  bandwidth  of 
approximately  35  Me  and  an  insertion  loss  of 
approximately  0.4  db  (see  Table  5-4).  The 
output  sigttal  was  applied  to  the  crystal 
mixer. 


Table  5-4. — Input  Band  Pass  Filter  Characteristics 


Frequency 

Insertion  loss 

1 

1725  Me  (mid  band) 

0.4  db 

1725  + 10  Me.. 

0.5  db 

1725  + 17.5  Me 

3 .4  db 

1725  4-  37.5  Me 

20  db 

1725  + 52.5  Me.  

30  db 

Crystal  Mixer 

The  crystal-mixer  subassembly  was  se- 
cured to  the  input  filter  and  contained  the 
filter  coupling  loop.  The  1725  Me  signal 
received  by  this  loop  was  fed  via  a built-in 
coaxial  impedance  transformer  to  a type 
MA449F  mixer  crystal.  The  receiver  LO 
signal  (1655  Me)  was  capacitively  coupled 
into  the  crystal  mixer  by  means  of  an  ad- 
justable probe  set  to  produce  0.5-ma  crystal 
current.  The  1725  Me  and  1655  Me  signals, 
applied  to  the  crystal  mixer,  produced  an  IF 
signal  of  70  Me  which  was  fed  to  the  IF 
amplifier.  The  crystal  mixer  70-Mc  output 
terminal  consisted  of  a built-in  quarter  wave 
choke  assembly  which  prevented  RF  and 
local-oscillator  signals  from  feeding  into  the 
IF  amplifier.  The  choke  assembly  was  read- 
ily removable  from  the  remainder  of  the 
crystal-mixer  assembly  to  permit  crystal  re- 
placement. Conversion  loss  of  the  crystal 
mixer  was  approximately  5.5  db. 

Receiver  LO  Transistor  Section 

The  receiver  LO  transistor  section  con- 
sisted of  an  oscillator  and  an  amplifier  stage 
with  power  output  of  160  mw  at  103.4375 
Me.  Power  consumption  was  800  mw.  Fre- 
quency stability  over  the  environmental 
range  was  better  than  2 parts  in  10s. 

The  oscillator  consisted  of  a grounded- 
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base,  RCA  34290,  UHF  transistor,  and  a 
5th-overtone  crystal.  This  stage  was  induc- 
tively coupled  to  the  RCA  34290  transistor 
amplifier  through  a series-tuned  network. 
The  amplifier  operated  Class  A in  the 
grounded  emitter  configuration.  A 1N251 
diode  rectifier  coupled  to  the  output  provided 
a dc  telemetry  voltage. 

Receiver  lO  Tsf  QuadrupJer 

The  input  matching  circuit  to  the  receiver 
LO  1st  quadrupler  provided  the  varactor 
with  a drive  of  about  150  mw,  as  supplied 
by  the  receiver  oscillator  and  amplifier  at  a 
frequency  of  103.4375  Me.  The  idler  circuit 
was  series-tuned  to  provide  a low  impedance 
path  at  207-Mc  idler  frequency  and  to  obtain 
maximum  efficiency  at  the  fourth  harmonic. 

The  output  circuit  was  series-tuned  at 
414  Me.  This  inductor  was  mutually  coupled 
to  a transmission  line  which  was  tapped  to 
provide  maximum  output  power  of  about 
70  mw  to  drive  the  next  quadrupler. 

Bias  for  the  varactor  was  obtained  by  the 
use  of  a resistor  which  provided  a dc  path 
to  ground  and  thus  permitted  self-bias  to 
develop. 


level  at  the  input  terminal.  An  input  T net- 
work acted  as  a matching  transformer  be- 
tween the  crystal  mixer  and  the  2N1405 
IF-input  transistor.  In  addition,  the  network 
provided  sufficient  selectivity  to  limit  the  IF 
noise  bandwidth  to  the  specified  maximum 
of  30  Me.  The  two  2N1405  input  transistors 
were  low-noise,  conventional,  common-emit- 
ter, amplifier  stages  with  an  overall  gain  of 
approximately  20  db.  The  signal  was  then 
amplified  by  eight  AGC-controlled  stages. 
These  were  2N700A  and  2N1141  transistors. 
Basically  these  stages  were  wideband,  RC- 
coupled  stages  with  each  stage  having  a se- 
lective, degenerative,  feedback  loop  to  im- 
prove response.  The  remaining  four  stages 
were  conventional  synchronously-tuned  am- 
plifiers. Two  2N1692  transistors  were  driver 
and  power  amplifier  stages,  respectively. 
An  AGC  detector  was  connected  to  the  col- 
lector of  the  last  transistor  and  detected 
changes  in  output  level.  Three  AGC  ampli- 
fier transistors  applied  corrective  bias  to  the 
signal  amplifier  stages  maintaining  constant 
noise  figure  and  power  output  level.  A sche- 
matic of  a section  of  the  IF  amplifier  is 
shown  in  Figure  5-9. 


Receiver  LO  2nd  Quadrupler 

The  receiver  LO  2nd  quadrupler  was 
matched  at  the  input  by  a transmission  line 
transformer.  The  varactor  was  placed  in  a 
cavity  tuned  to  1655  Me  by  means  of  a tuning 
slug  that  served  the  dual  purpose  of  output 
matching.  The  varactor  mount  had  a built-in 
bypass  capacitor  to  provide  the  required 
path  for  the  1655-Mc  current  circulating  in 
the  cavity.  Bias  was  obtained  by  the  use  of 
a resistor  which  provided  a dc  path  to 
ground  and  thus  permitted  self-bias  to  de- 
velop at  the  varactor. 

IF  Amplifier 

The  IF  amplifier  subassembly  received  the 
incoming  70-Mc  signal  from  the  crystal 
mixer  and  amplified  it  to  an  output  level  of 
100  mw.  AGC  action  adjusted  the  gain  of  the 
amplifier  to  maintain  the  output  constant, 
within  ± 0.5  db,  for  an  input  variation  of 
40  db,  which  was  a —86  to  — 46-dbm  signal 


IF  Switch 

The  IF  Switch  permitted  the  70-Mc  signal 
to  be  routed  to  the  wideband  tripler  or  to  the 
narrowband  filters.  The  path  was  selected  by 


Figure  5-9.— Section  of  IF  amplifier. 
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two  identical  diode  switches  operated  by  a 
control  voltage.  The  circuit  configuration 
was  such  that  the  on-state  of  the  narrowband 
path  switch  coincided  with  the  off-state  of 
the  wideband  path  switch,  or  vice  versa. 

70~fAC  Narrowband  Bandpass  Pilfers 

Three  major  designs  were  possible  in  at- 
tempting to  meet  the  performance  require- 
ments of  these  filters : 

1.  Classical  image  parameter  method. 

2.  Modified  image  parameter  method. 

3.  Network  synthesis. 

The  modified  image  parameter  method  was 
chosen. 

Experiments  were  carried  out  with  differ- 
ent types  of  inductance  structures.  Detailed 
plots  were  obtained  of  Q,  inductance  and 
stray  capacitance.  Of  all  the  types  studied, 
a toroidal  form  of  specific  shape  factor, 
fabricated  from  Rexolite,  was  finally  chosen. 

Detailed  calculations  were  then  performed, 
plotting  various  filter  parameters  such  as, 
characteristic  impedance,  insertion  loss  slope, 
band-width,  etc.,  as  functions  of  Q,  L,  and  C. 
From  these  and  from  the  experimental  data 
on  the  toroids,  the  optimum  design  param- 
eters were  chosen. 

From  the  necessity  of  having  to  bridge  the 
two  filters  for  parallel  operation,  a series- 
derived  structure  was  chosen.  Out-of-band 
impedance  calculations  were  made,  showing 
how  the  two  filters  could  be  made  to  work 
together. 

The  characteristic  impedance  of  20  ohms 
for  the  filters  was  chosen  for  two  reasons. 
From  the  curves,  it  was  determined  that 
optimum  requirements  of  L,  C,  Q,  etc.,  for 
a given  size  and  performance  specification, 
would  be  obtained  from  this  impedance  level. 
Further,  the  outputs  of  the  filters  were  re- 
quired to  work  into  a load  originally  specified 
to  be  20  ohms. 

This  left  the  problem  of  matching  the 
bridged  input  of  the  two  filters  to  75  ohms. 
A mutually-coupled,  inductive  type  of  trans- 
former was  designed  and  tried.  While  its 
electrical  performance  was  satisfactory,  it 
appeared  to  have  certain  difficulties  with 


respect  to  mechanical  reliability  and  temper- 
ature stability.  This  type  of  transformer 
also  reflected  the  impedance  of  the  filters 
such  that  the  reactive  component  at  the  input 
was  still  present  and  the  return  loss  at  this 
point  remained  the  same.  As  the  return  loss 
required  was  greater  than  obtained,  it  was 
decided  to  use  an  RLC  matching  network  in 
place  of  the  transformer.  The  ratio  of 
resistance-to-reactance  transformation  was 
decided  on  the  basis  of  insertion  loss  and 
resultant  return  loss  of  the  network. 

Special  considerations  were  given  to  me- 
chanical design  and  component  density.  Each 
tuned  circuit  was  built  on  a separate  sub- 
assembly  and  tested.  Two  types  of  mechan- 
ical joints  were  involved: 

1.  Screw  type 

2.  Chemical  (i.e.,  adhesive) 

Whenever  parts  were  joined  by  screw  type 

devices  they  were  designed  to  pull  against 
(e.g.,  the  coils  to  the  boards) , special  test  jigs 
were  devised  to  apply  a known  stress  to  each 
bond  after  proper  aging  time. 

Components  were  mounted  so  that  the  dis- 
tance of  their  centers-of -gravity  to  mounting 
surface  was  kept  to  a minimum.  Component 
density  was  high,  and  mutual  coupling  was 
kept  at  minimum  by  shielding  partitions  and 
the  self-shielding  properties  of  toroid  coils. 

Group  delay  in  the  pass  bands  of  the  two 
filters  was  measured  and  found  to  be  satis- 
factory. Typical  filter  characteristics  are 
shown  in  Figure  5-10. 

Limiter  Amplifiers 

Each  limiter  amplifier  consisted  of  two 
cascaded,  common  base,  tuned  amplifiers. 
The  first  stage  operated  in  a non-limiting 
mode,  while  the  second  stage  was  designed 
to  have  constant  output  over  the  expected 
narrowband  input  range  of  —10  dbm  to 
0 dbm.  The  actual  limiter  output  was  vari- 
able up  to  a level  of  50  mv  by  the  adjustment 
of  a potentiometer. 

IF  Transistor  Triplers 

There  were  one  wideband  and  two  narrow- 
band  triplers  required.  The  initial  design  for 


104 


RELAY  I — PART  I 


FREQUENCY  - Me 

Figure  5-10.— Typical  narrowband  filter 
characteristics. 

these  triplers  involved  varactors.  This  design 
had  excessive  regeneration  when  adequate 
bandwidth  and  efficiency  were  achieved.  The 
final  design  employed  RCA  34290  TJHF  tran- 
sistors in  a grounded-base  configuration.  The 
circuitry  for  the  three  triplers  was  essentially 
the  same. 

The  narrowband  triplers  received  signals 
from  their  associated  limiter -amplifiers 
through  input  matching  networks.  These  pi- 
networks  were  tuned  to  68*4  Me  and  71 % 
Me  by  variable  capacitors.  The  required  bias 
voltage  for  tripling  was  provided  by  the  volt- 
age drop  across  resistors  which,  with  induc- 
tors, formed  the  dc  return  path. 

The  collector  tank  circuit,  tuned  to  three 
times  the  input  frequency  by  variable  in- 
ductors, was  capacitively  coupled  to  the  input 
of  the  adder  circuit.  Isolation  from  the 
power  source  was  provided  by  a decoupling 
network.  A schematic  of  a narrowband  trip- 
ler  is  shown  in  Figure  5-11. 

The  70-Mc  signal  received  from  the  IF 
switch  for  the  wideband  mode  was  coupled 
through  a pi-type  matching  network  to  the 
emitter  of  an  RCA  34290  transistor.  The 
network  was  tuned  for  optimum  return  loss 
by  a variable  capacitor  and  inductor.  A 
coupling  capacitor  with  the  inductive  com- 
ponent of  the  input  impedance  of  the  tran- 
sistor, formed  a series  tuned  circuit  of  low 
Q,  which  was  further  reduced  by  a shunt 
resistance.  The  collector,  tuned  to  three 


Figure  5-11. — Transistorized  narrowband  tripler, 
schematic  diagram. 


times  the  input  frequency  by  a variable  in- 
ductor, was  coupled  through  a capacitor  to 
the  adder  circuit. 

Adder 

The  adder  circuit  was  provided  for  two 
purposes.  In  the  narrowband  mode,  it  pro- 
vided a method  of  combining  the  two  signals 
to  drive  the  high-level  mixer,  and  at  the  same 
time  it  provided  reasonable  isolation  (meas- 
ured at  16  db  or  better)  between  the  two 
triplers.  Secondly,  on  both  wideband  and 
narrowband  modes,  it  provided  a means  of 
matching  the  output  of  the  triplers  to  the 
high  level  mixer. 

Two  common-base  amplifier  transistors 
(type  2N1493)  were  coupled  together  at  the 
collector  and  drove  a double-tuned  circuit. 
The  primary  and  secondary  loads  of  this  cir- 
cuit were  the  output  resistance  of  the  tran- 
sistors in  parallel  with  resistors. 

The  narrowband  tripler  outputs  were  con- 
nected to  individual  arms  of  a resistive 
attenuation  pad  as  shown  in  Figure  5-12. 
Each  transistor  was  therefore  driven  inde- 
pendently and  the  outputs  were  combined. 
In  the  wideband  mode,  the  transistors  were 
effectively  driven  in  parallel.  Since  the  adder 
normally  limits  when  driven  in  the  wideband 
mode,  this  resulted  in  an  effective  1 db  band- 
width of  greater  than  35  Me.  This,  combined 
with  the  limiting  characteristics  of  the  high 
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Figure  5-12.-^Adder— high  level  mixer. 


level  mixer,  gave  the  system  1 db  bandwidth 
of  35  Me. 

High  Level  Mixer 

The  high  level  mixer  used  two  MA4522M 
pill  varactor  diodes  mounted  on  a stripline 
hybrid  (see  Figure  5-12).  The  IF  signal 
from  the  adder  was  mixed  with  energy  from 
the  transmitter  local  oscillator  to  produce 
several  sidebands.  The  first  upper  sideband 
at  F + IF  was  selected  by  the  output  filter 
for  transmission  to  the  TWT. 

The  basic  operation  of  the  hybrid  mixing 
may  be  understood  in  the  following  way  : If 
a short-circuit  at  the  LO  frequency  is  placed 
at  B and  an  open-circuit  at  C,  all  the  LO 
power  entering  at  A leaves  via  arm  D after 
a delay  of  180°.  If  the  short-circuit  and  open- 
circuit  are  interchanged,  all  the  LO  power 
still  leaves  at  D,  but  there  is  now  a delay  of 
360°.  If  the  open  and  short-circuits  are 
switched  at  an  IF  rate  of  210  Me,  then  the 
output  signal  at  D contains  several  sidebands 
but  no  carrier.  The  strongest  sidebands  are 
at  (Flo  db  210)  Me. 

The  210  Me  IF  was  supplied  from  the 
adder  through  an  RC  network  which  devel- 
oped self -bias  voltages  on  the  varactors.  The 
value  of  R was  chosen  to  obtain  optimum 
drive  to  the  varactors. 

The  varactors  were  switched  in  a push- 
pull  manner,  i.e.,  when  the  varactor  at  B was 
being  driven  into  forward  conduction  and 
was  acting  like  a short-circuit,  the  one  at  G 
was  being  heavily  reverse-biased  and  acted 
like  a high  impedance  and  vice  versa,  A 
small  section  of  short-circuited  strip-line, 
shunting  the  varactors,  was  used  to  parallel- 


resonate  with  the  varactor  capacitance  in  the 
reverse-biased  state  to  better  simulate  an 
open-circuit.  The  varactors  were  mounted 
in  holders  which  were  designed  to  be  micro- 
wave  choke  joints  at  4170  Me  to  prevent  RF 
radiation  at  this  frequency.  This  restricted 
the  RF  operation  to  the  stripline  and  pro- 
vided freedom  from  random  external  loading 
and  tuning  effects. 

Another  feature  of  the  mixer  was  the  use 
of  a limited  amount  of  negative-resistance 
type  of  parametric  conversion  to  increase 
the  available  power  output.  This  could  occur 
because  the  second  harmonic  of  the  LO  was 
generated  in  the  non-linear  capacitance  of 
the  varactors.  This  energy  mixed  paramet- 
rically with  lower  sideband  energy  at  Flo- 
210  Me  reflected  back  from  the  output  filter, 
to  produce  energy  at  2 FLo  — (Flo  —210)  = 
Flo+210  Me,  which  was  the  desired  output 
frequency.  The  phase  of  this  energy  was 
set  by  the  length  of  line  between  D and  the 
output  filter  so  that  it  added  to  the  upper 
sideband  energy  produced  by  the  primary 
mixing  action.  A conversion  loss  of  from 
seven  to  eight-db  from  FLo  to  (Flo+210) 
was  obtained  under  normal  operating  con- 
ditions. 

Transmiffer  LO  Transistor  Section 

The  transmitter  LO  transistor  section  con- 
sisted of  oscillator,  driver,  and  power  ampli- 
fier stages.  It  had  a power  output  of  1.3  to 
1.5  watts  at  109.9922  Me.  Power  consump- 
tion was  5 watts.  Frequency  stability  over 
the  environmental  range  was  better  than 
2 parts  in  10°. 

The  oscillator  consisted  of  an  RCA  34290 
transistor  operating  in  the  grounded  base 
configuration  and  a crystal  operating  at  the 
5th  overtone.  A Zener  diode  provided  the 
base  bias  voltage.  The  oscillator  delivered 
about  40  mw  to  the  driver  stage. 

The  driver  was  inductively  coupled  to  the 
oscillator  by  the  series-tuned  circuit.  The 
buffer  transistor  was  an  RCA  34253  UHF 
transistor  operating  Class  A in  the  grounded- 
emitter  configuration.  It  delivered  about  500 
mw  through  a pi-coupler  to  the  PA  stage. 
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Base  bias  was  provided  by  a Zener  diode. 

The  power  amplifier  was  another  RCA 
34253  UHF  transistor  operating  Class  C in 
the  common-emitter  configuration.  The  cou- 
pling capacitor  from  the  driver  was  selected 
to  tune  out  the  transistor  lead  inductances. 

A series-tuned  trap,  between  the  collector 
and  the  output  pi-coupler,  improved  collector 
current  waveform,  increasing  the  stage  effi- 
ciency. 

Transmitter  LO  Quadrupler 

The  quadrupler  consisted  of  an  input- 
matching circuit  providing  the  drive  for  the 
varactor  of  1.2  to  1.5  watts  at  110  Me.  An 
idler  circuit  provided  a low-impedance  path 
for  the  idler  current  at  220  Me  circulating 
through  the  varactor,  thereby  providing  high- 
efficiency  operation.  The  output  primary 
circuit  delivered  500  to  600  mw  of  power  at 
440  Me. 

Transmitter  LO  Double  Tnpler 

This  unit  multiplied  the  input  frequency 
of  440  Me  at  a level  of  500  to  600  mw,  to 
the  output  LO  frequency  of  3960  Me  at  a 
power  level  of  50  to  80  mw,  in  two  cascaded 
tripler  stages. 

Output  Filter 

Since  the  high  level  mixer  normally  pro- 
duced a variety  of  harmonics,  the  purposes  of 
the  output  filter  were  to  allow  passage  of 
the  desired  4170  Me  signal  and  sidebands  and 
to  reject  all  other  frequencies.  An  important 
function  of  the  output  filter  was  to  reflect 
the  unwanted  lower  sideband  of  3750  Me 
back  to  the  high  level  mixer  with  a suitable 
phase  relationship  so  that  it  would  mix  with 
the  generated  second  harmonic  of  the  local- 
oscillator  signal  to  produce  a 4170-Mc  re- 
sultant that  added  to  the  main  4170-Mc 
sideband.  Thus,  the  lower  sideband  signal 
was  reconverted  to  the  upper  sideband  sig- 
nal with  a consequent  improvement  of  mixer 
efficiency.  The  output  filter  consisted  of  three 
mutually-coupled,  halfwave  diameter,  slug- 
tuned  cavities  with  inductive-coupling  loops 
for  input  and  output  terminals.  It  had  a flat 
bandwidth  of  approximately  44  Me  and  a 


20  db  bandwidth  of  approximately  110  Me. 
It  was  center-tuned  at  4169.72  Me.  Nominal 
insertion  loss  of  the  filter  was  approximately 
0.4  db.  The  characteristics  of  this  filter  are 
shown  in  Table  5-5. 

Performance  Summary 

A tabular  presentation  of  the  measured 
performance  of  the  two  receivers  is  shown 
in  Table  5-6.  Photographs  of  the  wideband 
receiver  are  shown  in  Figures  5-13  and  5-14. 


Table  5-5.—^ Output  Bandpass  Filter  Characteristics 


Characteristic 

Value 

Center  frequency-  

4X70  Me 

Insertion  loss - 

0.4  db 

Band  widths: 

3 db - 

44  Me 
110  Me 

20  db_  - __ - 

30  db 

200  Me 

Table  5-6. — Performance  Summary  of  Microwave  Receivers 
F4  and  F6 


Measurement 

Function 

Receiver  F4 

Receiver  F6 

0°C 

25°C 

0°C 

25°C 

Wideband  output  power  (dbm)___ 

10.6 

7.1 

12.4 

9.4 

Narrowband  output  power  (dbm)_ 

8.7 

5.8 

9.8 

7.0 

“Beyond  the  horizon”  AGO  switch 

operate  point 

Wideband  ( — dbm)_  

81.5 

83.0 

80.5 

81.5 

Narrowband  low  (— dbm) 

80.0 

82.0 

79.5 

80.5 

Narrowband  high  (*-dbm)___ 

80.0 

81.5 

78.5 

79.5 

Nominal  output  frequency  error- . 

-6 

+ 15 

+32 

-18 

(kc). 

Group  delay 

Linear  (nsec) _ 

-7 

-4 

-9 

— 8 

Parabolic  (nsec) 

-7 

-7 

+2 

+2 

IF  Bandwidth  (1  db) 

f1  (Me). 

65.1 

65.3 

/2  (Mc)_.  : 

73.8 

75.0 

A / (Me) --  

8.7 

9.7 

TRAVELING  WAVE  TUBE 
introduction 

Genera/ 

The  RF-power  output  of  the  transmitter 
section  of  the  wideband  subsystem  was  fur- 
nished by  an  RCA  Type  A-1245  traveling 
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Figure  5-13. — Relay  I — wideband  receiver. 


wave  tube  (TWT).  This  tube  amplified, 
simultaneously,  the  wideband,  high-level, 
4170-Me,  communications  signal  and  the  low- 
level,  4080-Mc  beacon  signal,  providing  a 
minimum  of  11  watts  of  RF  power  to  the 
line  feeding  the  wideband  antenna.  Since  it 
was  the  final  RF  power  amplifier,  the  travel- 
ing wave  tube  was  the  major  power-consum- 
ing element  of  the  spacecraft  and,  as  such, 


was  one  of  the  major  controlling  factors  in 
the  spacecraft  design.  Requirements  for  the 
tube  appear  in  Table  5-7. 

Selecting  The  Tube 

A TWT  was  selected  for  the  transmitter 
output  stage  because  it  could  be  designed 
with  the  best  balance  between  efficiency, 
power,  bandwidth,  gain,  weight,  and  rugged- 
ness. Intrinsically,  and  from  operational 
history,  such  a tube  offered  the  greatest  as- 
surance of  reliability  in  long-term,  unat- 
tended service. 

In  June,  1961,  when  the  basic  require- 
ments for  the  Relay  I tube  were  first  set 
down,  no  history  existed  for  traveling  wave 
tubes  operating  in  a space  environment.  A 
period  of  approximately  one  year  was  avail- 
able for  the  design,  design  proof,  and  deliv- 
ery of  tubes  for  flight  use.  It  was  necessary 
to  reach  the  primary  design  freeze  in  ap- 
proximately six  months. 

The  needs  of  Relay  I imposed  upon  the 
output-stage  tube  a set  of  performance,  en- 
vironmental, and  reliability  requirements. 


Figure  5-14.— Relay  I wideband  receiver,  microwave  beacon  and  beacon  coupler. 
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Table  5-7. — Basic  TWT  Requirements  for  Relay  I 


Electrical 

Frequency  range  

4050-4250  Me 

Operating  bandwidth  _ 

100  Me 

RF  power  output  (fundamental,- 

11  watts  (40.14  dbm)  min. 

saturated) . 

RF  input  drive  - 

3.5  mw  (5.4  dbm)  nominal 

Gain  (at  11  watts).-  _ 

35  db  min. 

dc  power  available  for  TWT.  ... 

55  watts  max. 

Overall  efficiency  (at  11  watts  RF 

21%  min. 

output). 
Hot  match 

Input  (50  ohms  coax) . . 

1.8:1  VSWR 

Output  (50  ohms  coax). 

3.0:1  VSWR 

Output  stability  (10:1  VSWR  any 

2 mw  max.  output 

phase  with  ± 3%  helix  voltage 
change,  no  RF  signal  in)  . 

Spurious  output  (any  20-Mc  band) 

— 40  dbm  max. 

Duty  cycle 

(100  minutes  out  of  any 

three  continuous  con- 
secutive 3-hour  orbits  is 
the  system  requirement) 

Physical 

Weight/size.  _ . . _ . ! 

Minimum  consistent  with 

Connectors  

reliability.  Weight  not 
to  exceed  4 Vi  lb. 

Coax  (type  TNC) 

Cooling..  _ _ _ 

Conduction  and  radiation 

Environment 

Temperature  (operating) 

— 10°C  to  80°C  heat  sink 

Pressure.  . _ _ 

— 10°C  to  35°C  ambient 
Sea  level  or  high  vacuum 

Vibration 

Sinewave,  thrust  direction 

20-500  cps. 

5 g peak 

2 sweeps,  50-500  cps  _ 

25  g peak 

20  octave/min.,  50-2000  cps 

40  g peak 

Dwell,  30  sec.,  550-650  cps  . .. 

60  g peak 

Sinewave,  lateral  direction ; 

Vi  the  thrust-direction 

Random 

levels. 

llg  RMS,  20-2000  cps,  4 

Life  expectancy 

minutes 

Greater  than  5 years 

none  of  which  could  be  met  by  any  existing 
TWT.  Nearly  all  of  these  requirements,  how- 
ever, had  been  separately  demonstrated  in 
different  RCA  TWT’s.  The  problem  then 
confronting  the  TWT  designer  was  how  to 
combine  these  requirements  with  the  best 
possible  balance  (reliability  being  the  con- 
trolling factor)  within  a restricted  time 
schedule. 

In  the  interest  of  achieving  reliability,  a 
general  ground  rule  was  established  at  the 
start  of  the  program:  the  tube  should  in- 
corporate only  those  design  practices,  tech- 
nology, and  manufacturing  methods  which 
had  been  proven  reliable  in  actual  field  use. 

Starting  Point 

With  the  decision  that  the  new  tube  must 


be  designed  arid  built  only  with  field-proven 
materials  and  techniques,  capabilities  of  ex- 
isting traveling  wave  tubes  were  examined. 
The  ability  of  TWT’s  to  provide  high-quality 
repeater  performance  had  already  been  dem- 
onstrated. The  RCA-designed  7642,  an  18- 
watt  2-Gc  tube,  was  successfully  operating 
in  the  MM600  Ground  Relay  system;  the 
Bell  Telephone  type  M1789,  a 5-watt,  6-Gc 
tube  was  performing  well  in  the  bell  System 
transcontinental  radio  relay.  But  both  types 
were  designed  for  long,  reliable  life  in  ground 
operation;  they  did  not  have  the  high  effi- 
ciency, light  weight,  conduction  cooling,  and 
the  rugged  features  needed  by  a tube  to  be 
used  in  space. 

RCA,  however,  had  also  completed  the  de- 
sign and  flight-qualification  testing  of  a TWT 
intended  for  spacecraft  operation  in  a pres- 
surized environment.  This  tube,  the  RCA 
Type  A-1228,  provided  11  watts  of  power 
output  at  2 Gc.  It  was  a medium-weight, 
rugged,  conduction-cooled  tube  designed  for 
high  efficiency,  depressed-collector  operation. 
It  operated  with  the  same  power  output, 
gain,  voltages,  and  currents  as  the  tube  that 
was  projected  for  use  in  Relay  I.  At  the 
start  of  the  Relay  I program,  five  completed 
A-1228’s  had  been  in  aging  racks  for  some 
time. 

Most  of  the  design  of  the  A-1228  was 
applicable  to  the  Relay  I program  but  it  was 
necessary  to  reduce  weight,  to  improve  effi- 
ciency while  doubling  the  frequency,  and  to 
provide  different  methods  of  mounting  and 
conduction  cooling.  The  A-1228,  however, 
served  as  the  prototype  from  which  the  Relay 
I tube  was  scaled,  and  the  work  that  had 
been  done  on  the  A-1228  formed  a basis  for 
technological  and  manufacturing  methods 
that  would  endow  the  new  tube  with  high 
reliability. 

Design 

Major  Characteristics 

At  the  start  of  the  program,  only  the  major 
characteristics  of  the  tube  were  known,  such 
as  frequency,  power  output,  gain,  efficiency, 
maximum  weight,  length,  etc.  As  the  pro- 
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gram  progressed,  many  other  characteristics 
were  specified.  These  characteristics  were 
derived  from  those  of  the  forerunners  of  the 
A-1245,  the  7642,  and  the  A-1228,  and  they 
are  described  below.  The  major  character- 
istics of  the  A-1245  are  listed  in  Table  5-8. 

At  the  start  of  the  TWT  development  pro- 
gram, an  unpressurized  tube  was  planned. 
However,  during  testing,  anomalies  in  tube 
performance  were  revealed  which  were  in- 
duced by  vacuum  environment.  On  the  basis 
of  these  test  results,  and  to  ensure  meeting 
the  schedule  for  delivery  of  an  acceptable 
TWT,  it  was  necessary  to  pressurize  the  tube 
(see  Figure  5-15).  Work  continued  on  the 
design  of  the  unpressurized  version  of  the 
tube,  the  unpressurized  TWT  (see  Figure 


5-16)  was  incorporated  in  the  Relay  II 
spacecraft. 

Table  5-8.' — Major  Characteristics  of  The  RCA  A-121^5 
Pressurized  TWT 


Electrical 

Frequency 

Power  output—- 

Overall  efficiency  ( vo) 

(including  heater  power). 

Gain  (at  11  watts)  _ . 

Helix  voltage  (F«?)- 

Helix  current  (Iw)  (with  RF) 

Collector  voltage  ( Fc) 

Collector  current  ( Ic)~ 

Grid 'No.  1 (anode)  voltage— 
Grid  No.  1 (anode)  current— 

Heater  voltage  (Ek) 

Heater  current  (Ik) - 

Mechanical 

Weight .... — 

Length 

Diameter.  


4.05  to  4.25  Gc 
11  watts  (min.) 
21% 

3 5 db 
2100  volts 
0.25  ma 
1000  volts 
45  ma 
1400  volts 
0.01  ma 
4.25  volts 

1.6  amperes 

4.5  lb 

18%  inches 

1 .7  inches 


Figure  5-15.— RCA  type  A-1245  pressurized  traveling  wave  tube. 


Figure  5-16. — RCA  type  A-1245  unpressurized  traveling  wave  tube. 
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Major  Tasks 

The  three  tasks  that  converted  the  A-1228 
into  the  A-1245,  mechanically,  were:  (1) 
finding  a new  method  of  mounting  to  guard 
against  damage  by  shock  and  vibration  ; (2) 
development  of  a new  cooling  method  and 
(3)  reducing  the  weight.  A comparison  of 
the  A-1245  and  its  forerunners,  the  A-1228 
and  the  7642,  is  shown  in  Table  5-9. 


Table  5-9 Comparison  of  Prime  Design  Parameters 
Between  the  A-1245  and  its  Forerunners 


Parameter 

RCA  7642 

RCA  A-1228 

RCA  A-1245 

Freqency  (Gc) . 

1. 7-2.3 

2.0-2.4 

4.05-4.25 

Power  output  (watts) 

18-24 

11 

11 

Gain  (db) 

28 

35  at  11  watts 

35  at  11  watts 

Electronic  efficiency  (Ve%)~- 

15 

14 

12 

— 

1.25 

1.25 

1.75 

QC 

0.30 

0.295 

0.4 

b/a.-. 

0.5 

0.5 

0.6 

PHeater(watts)__  

11.0 

7.0 

5.5 

Ji(ma) _ _ 

70 

46 

46 

Cathode  temperature  (°C)--- 

800 

740 

710 

Cathode  current  density 

ma/cm2). 

83 

57 

55 

EFFICIENCY 

General — The  overall  efficiency  of  a TWT  can  be  expressed  as  follows: 


Overall  efficiency  — 


P output  

P dc  -f-  P heater  -f-  P output 


i 

1 Vc  Iw  P heater 

" • 1 ■ — H A - — * -f-  1 

Ve  Ynf  Ic  P Output 

where 

Ve  — electronic  efficiency  Ic  ~ collector  current 

P — power  Vw  — helix  voltage 

Vc  — collector  voltage  Iw  — helix  current 


The  ways  in  which  the  A-1245  was  made 
to  meet  the  environmental  requirements  of 
shock,  vibration,  cooling,  and  certain  other 
problems  are  described  below.  The  weight 
was  reduced  by  making  the  periodic  stack 
permanent  magnets  of  lightweight  platinum 
cobalt,  while  preserving  the  integrity  of  the 
critical  magnet  design.  The  helix  interception 
current  had  to  be  reduced  practically  to  the 
vanishing  point  to  reduce  heating  of  the 
helix  structure.  This  could  be  done  only  by 
designing  the  magnets  with  extreme  pre- 
cision. 

The  equation  shows  that  to  raise  the  overall 
efficiency,  the  following  things  must  be  done : 


1.  Increase  electronic  efficiency. 

2.  Increase  beam-current  transmission. 

3.  Decrease  collector  voltage. 

4.  Decrease  heater  power. 

The  electronic  efficiency  of  the  A-1245  was 
actually  made  lower  than  that  of  the  A-1228. 

Design  of  the  Helix — One  of  the  most  im- 
portant parameters  that  must  be  chosen  in 
the  design  of  a TWT  is  the  diameter  of  the 
helix.  For  a given  beam  diameter,  the  smaller 
the  diameter  of  the  helix,  the  closer  the  helix 
is  to  the  beam  and  the  greater  is  the  con- 
version of  dc  energy  into  RF  power  output 
(and  therefore  the  higher  the  efficiency). 

If  the  helix  is  too  close  to  the  beam,  how- 
ever, higher  interception  of  the  beam,  greater 
losses  in  the  helix,  and  lowered  efficiency  re- 
sult. Thus,  when  a helix  of  small  diameter 
is  used,  the  design  burden  is  shifted  to  the 
sharp  magnetic  focusing  of  the  beam.  A 
useful  relationship  is  the  ratio  of  the  diam- 
eter of  the  beam  to  that  of  the  helix  or  b/a. 

The  numeric  ya  is  a quantity  that  is  basic 
in  the  design  of  the  helix.  It  is  defined  as 
follows : 

_ 2-n-a  505  dlf 

ya~  \0  VVW 

where : 

y = Radial  propagation  constant 
a = Mean  radius  of  helix 
dlf  = Dielectric  loading  factor 
A0  — Free-space  operating  wavelength 
Vw  = Helix  voltage 

Table  5-9  shows  that  the  value  of  y a chosen 
for  the  A-1245  was  higher  than  that  of  the 
A-1228.  This  was  to  be  expected  because  of 
the  higher  operating  frequency  of  the 
A-1245.  But  the  value  of  1.75  was  also 
somewhat  higher  than  the  value  that  would 
give  maximum  electronic  efficiency.  Using 
a smaller  value  of  ya.  would  have  been  ac- 
complished by  using  a smaller  helix  diameter, 
but  this  would  have  involved  the  difficulties 
described  above.  The  larger  helix  diameter 
(and  wire  size)  results  in  the  RF  and  dc 
dissipation  per  unit  area  being  about  that  of 
the  A-1228,  despite  the  higher  operating 
frequency. 
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The  table  also  shows  that  the  electronic 
efficiency  of  the  A-1245  is  lower  than  that 
of  the  A-1228.  This  is  mainly  due  to  the 
higher  value  of  ya  that  is  used.  But  the  effect 
of  the  lower  electronic  efficiency  on  overall 
efficiency  is  more  than  made  up  by  the  lower 
heater  power  used  by  the  A-1245  and  by 
operating  its  collector  at  a depressed  poten- 
tial— at  about  half  that  of  the  helix  voltage. 

The  helix  interception  current  was  0.25 
ma  of  the  total  beam  current.  This  indicates 
a beam  transmission  of  over  99  percent. 

With  a value  of  ya  set  at  1.75,  and  a helix 
operating  voltage  of  2000  to  2100  volts,  the 
design  parameters  of  the  helix  are  as  shown 
in  Table  5-10. 


Table  5-10. — Design  Parameters  of  the  Helix 


V.  , ____. 

2050  volts 

helix 

V space-charge  reduction-  - 

100  volts 

1.75 

0.15 

0.9 

Dielectric  loading  factor ______ 

C_ 

0.0575 

Length ._  _ _ 

10.9  inch 

Mean  diameter _ _ _ _ 

0.135  inch 

Wire  size _ 

0.014 

TPI__-_______ 

26.1 

The  overall  length  of  the  helix  was  deter- 
mined by  the  conservative  design  approach 
chosen  for  the  tube — low  beam-flow  perve- 
ance  (0.5  /*perv)  and  the  correspondingly 
low  gain  parameter.  The  length  finally 
selected  was  10.9  inches.  This  length  pro- 
duced the  required  saturation  gain  (35  db  at 
11  watts)  and  offset  all  of  the  recognized 
RF  losses. 

Construction  of  the  Helix — Physically,  the 
electronic  efficiency  of  a traveling  wave  tube 
depends  upon  the  design  of  the  helix,  the 
kind  and  placement  of  its  dielectric  supports, 
and  the  kind  and  placement  of  the  attenu- 
ators. See  Figure  5-17,  which  shows  the 
A-1245  and  its  components. 

The  helix  was  wound  of  molybdenum  wire 
which  was  firmly  embedded  in  precision- 
made,  low-loss,  fluted-glass  tubing  (Corning 
7070)  . The  fluted  glass  was  shrunk  over 
each  turn  of  the  helix  to  provide  a good  me- 


chanical bond  as  shown  in  Figure  5-18. 

The  use  of  rugged,  small-diameter,  glass 
tubing  to  support  the  helix  brought  with  it 
certain  other  advantages  as  follows : 

1.  It  allowed  helical  couplers  to  be  used 
as  input  and  output  transducers;  this  type 
of  coupler  did  not  need  to  be  supported  by 
the  vacuum  envelope  and  did  not  require  a 
vacuum  seal.  Waveguide  couplers  at  4 Gc 
would  have  been  too  large,  while  cavity  cou- 
plers would  not  have  permitted  the  use  of 
small-size  periodic  magnets. 

2.  Some  movement  of  the  helix  was  per- 
mitted to  effect  a good  match  during  the 
fabrication  of  the  tube. 

3.  External  RF  attenuators  could  be  used, 
which  eliminated  the  dissipation  problem 
and  outgassing  associated  with  internal  at- 
tenuators. 

4.  The  small  radial  dimensions  permitted 
the  use  of  small-size,  light-weight,  periodic, 
focusing  magnets. 

Rigid  inspection  techniques  were  required 
to  determine  the  acceptability  of  the  self- 
supported  helix  assembly.  Each  assembly 
was  subjected  to  accurate  measurement  of 
the  pitch  deviation  between  turns  of  the 
helix.  Any  helix  assembly  with  a deviation 
greater  than  12  microns  was  rejected.  The 
RCA-designed  device  in  which  these  meas- 
urements were  made  is  called  the  HELPER, 
an  acronym  for  HELix  Pitch  Error  Resolver 
(shown  in  Figure  5-19).  This  inspection 
technique  made  it  possible  to  reduce  prob- 
lems of  match,  stability,  and  fine-grain  gain 
variation  in  the  A-1245. 

Stability 

The  system  performance  objectives  re- 
quired stable  tube  performance  with  wide- 
band integrated  noise  and  spurious  power 
output  held  to  less  than  5mw,  while  the  out- 
put of  the  tube  was  subjected  to  a variable 
phase  VSWR  mismatch  of  10:1.  Further, 
this  operation  had  to  be  achieved  while  simul- 
taneously varying  the  helix  voltage  ±3  per- 
cent (see  Figure  5-20).  Attaining  this 
specification  becomes  difficult  with  depressed- 
collector  operation,  wherein  reflected  pri- 


Figure  5-17. — Parts  and  assemblies  used  in  RCA  type  A-1245  traveling  wave  tube. 


mary  or  secondary  electrons  can  conceivably 
initiate  a growing  wave  leading  to  oscillation. 

To  meet  these  stability  criteria  under  all 
operating  conditions,  including  vacuum  en- 
vironment at  elevated  temperatures,  an  exter- 
nal, helical,  center  attenuator  was  developed. 


The  VSWR  of  the  center  attenuator  was 
better  than  1.05:1;  total  loss  was  greater 
than  50  db  in  the  operating  band;  and  it 
provided  for  loss  in  excess  of  gain  from  2 
to  8 Gc,  to  ensure  against  instability  outside 
the  band  where  the  coupler  match  degraded. 
The  main  portion  of  the  RF  attenuator  is 
bifilar  wound  of  0.5-mil  Karma  wire,  in  re- 
verse pitch  when  compared  with  the  helix 
winding. 

The  aquadag  tapers,  on  both  sides  of  the 
attenuator,  were  density  sprayed  to  spread 
RF  dissipation  and  prevent  hot  spots.  The 
entire  assembly  was  then  coated  with  Ec- 
coceran  and  baked  to  provide  a durable,  pro- 
tective coating. 

An  attenuator  one-half  inch  long,  con- 


.. 


Figure  5-19. — The  RCA  HELPER 


HELIX  VOLTAGE  - VOLTS 

Figure  5-20. — Type  A-1245  TWT  (unpressurized 
version)  ; saturated  power  output,  saturated  gain, 
and  gain  at  11  watts  vs.  helix  voltage. 


structed  in  the  same  fashion  as  the  center 
attenuator,  was  placed  at  the  input  end  of 
the  helix  to  absorb  any  RF  wave  which  is 
coupled  in  the  wrong  direction  at  the  input. 
A %"  Lava- wound  end  attenuator,  positioned 
off  the  helix  support  glass,  is  used  to  absorb 
any  uncoupled  RF  energy  in  the  output  cou- 
pler region.  Extensive  tests  made  on  this 
assembly  in  a vacuum  environment,  dissipat- 
ing rated  RF  energy,  indicated  that  the  tem- 
perature of  the  attenuator  was  less  than 
175°C  at  the  hottest  point. 

Reliability 

One  of  the  requirements  of  the  TWT, 
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which  influenced  all  aspects  of  its  design  and 
fabrication,  was  the  reliability  with  which 
it  was  expected  to  perform:  The  specifica- 
tions called  for  reliable  operation  for  a mini- 
mum of  50,000  hours.  This  requirement 
affected  every  fabrication  step:  specifying 
materials,  purchasing,  testing,  manufactur- 
ing subassemblies  in  rigorously  clean  areas, 
testing  the  subassemblies,  assembling  the 
tubes  in  the  clean  areas,  and  retesting.  Some 
of  the  procedures  followed  are  given  below. 

The  Electron  Gun — Analysis  showed  that 
the  electron  gun  of  the  A-1228  tube,  with 
some  modifications,  would  be  suitable  for  the 
A-1245.  The  gun,  similar  to  the  Pierce  con- 
vergent type,  supplied  a beam  with  an  ex- 
cellent laminar  flow.  Gun  features  are  listed 
in  Table  5-11. 


Table  5-11. — Features  of  the  Electron  Gun 


Beam  current _ 1 

46  ma 
0.080  inch 
55  ma/cm2 
23:1 
710° 

0,84  microperv 
1420  volts 
10  microamp  (max.) 
3.75  volts 

Beam  diameter  at  minimum  convergence 
Beam  current  density „ _ . _ _ _ 

Beam-area  convergence  ratio-  _ 

Cathode  temperature  . _ _ .■  _ 

Gun  perveance  _ __  _ 

Anode  voltage  _ 

Anode  current 

Heater  voltage 

Heater  current  __  _ _ J 

1 .5  amperes 
1150°  C 
N1  32 

Barium-strontium  carbonate 

Heater  temperature  _ 

Cathode  base  metal 

Emissive  coating. „ _ 1 

An  important  feature  of  the  gun  is  the  dark  heater;  its  use  permitted 
lowering  the  heater  power  20  percent  below  that  of  the  A-1228. 


The  Cathode — A major  determinant  of  the 
life  of  a TWT  is  the  cathode.  A long-lasting 
emitter,  such  as  thoriated  tungsten,  could 
not  be  used  because  it  would  have  required 
too  much  heater  power. 

The  choice  for  the  A-1245  cathode  was  a 
barium-strontium  carbonate  over  vacuum- 
fired  base  metal  N132.  Both  of  these  mate- 
rials were  of  proven  performance.  The 
cathode  was  operated  so  that  the  current 
density  of  the  beam  was  the  lowest  in  any 
know  TWT.  This,  in  turn,  enabled  the  cath- 
ode to  operate  at  the  lowest  possible  temper- 
ature. 

The  low  operating  temperature  not  only 


decreased  the  rate  of  depletion  of  the  emis- 
sive material,  it  also  enabled  the  operating 
point  of  the  tube  to  be  placed  well  beyond 
the  knee,  or  space-charge  saturation  point, 
of  the  cathode-current  versus  heater-voltage 
curve.  Operating  at  this  point  on  the  curve 
helps  to  ward  off  damage  from  any  possible 
momentary  cathode  poisoning  process.  The 
life  records  of  tubes  prove  the  validity  of 
this  approach  to  reliability  and  longevity. 

Performance 

For  a rigorous  evaluation  under  simulated 
space  conditions,  the  TWT’s  were  given  ex- 
tensive vacuum-thermal  tests.  Each  tube  was 
subjected  to  at  least  three  vacuum-thermal 
operating  runs  under  conditions  identical 
with  those  anticipated  for  the  spacecraft  in 
orbit. 

In  anticipation  of  the  slight  power  fade 
(approximately  0.2-0.3  db)  which  is  normal 
and  expected,  each  tube  was  operated  with 
an  input  power  2 db  above  the  input  power 
required  to  produce  saturation  power  output. 
This  also  causes  greater  RF  and  dc  losses 
in  the  helix  and  serves  to  indicate  the  degree 
of  operating  margin  of  each  tube. 

During  all  thermal-vacuum  runs,  the  pres- 
sure was  maintained  at  10-®  mm  Hg  and  the 
temperature  of  the  radiator  was  allowed  to 
rise  to  approximately  95  °C.  The  operation 
in  space  was  simulated  by  making  each  vacu- 
um-thermal run  last  for  35  minutes.  And 
after  each  run,  the  RF  drive  and  heater 
power  were  shut  down  and  the  tube  was 
allowed  to  cool  for  IV2  hours. 

Table  5-12  shows  data  taken  in  sea-level 
and  vacuum-thermal  tests  on  a group  of 
typical  flight-model  A-1245’s.  It  can  be  ob- 
served that  the  average  power  fade  was 
approximately  0.2  db  with  an  attendant  in- 
significant change  in  gain. 

Environmental  Considerations 

Requirements 

The  Relay  I orbit  and  launch  conditions 
established  the  environmental  requirements 
for  the  TWT.  The  major  environmental  ef- 
fects were  vibration  (See  Table  5-7),  me- 
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Table  5-12  —Typical  Performance  of  Flight-Model  Tubes 


Sea-level  run 
(f  - 4.17  Gc) 


Thermal-Vacuum  Runs  Pin  — Sat  Pin  4-  2 db  (35  min.  duration) 


Pressurized  tubes 

Run  No.  1 

Run  No.  2 

Run  No.  3 

Serial 

Power 

Gain 

Po  fade 

Power  out 

Gain 

Po  fade 

Power  out 

Gain 

Po  fade 

Power  out 

Gain 

No. 

out(w) 

(db) 

(db) 

(dbm/w) 

(db) 

(db) 

(dbm/w) 

(db) 

(db) 

(dbm/w) 

(db) 

WC-48 

11.45 

35.4 

Start 

40.3/10.75 

33.1 

40.3/10.75 

33.1 

40.4/11.0 

33.2 

Finish 

4-0.2 

40.5/11.25 

33.3 

+0.2 

40.5/11.25 

33.3 

+0.1 

40.5/11.25 

33.3 

WC-36 

12.3 

34.2 

Start 

40.6/11.5 

32.9 

40.7/11.75 

33.0 

40.9/12.3 

33.2 

Finish 

- .05 

40.55/11.35 

32.85 

0 

40.7/11.75 

33.0 

-0.2 

40.7/11.75 

33.0 

WC-32 

11.0 

35.2 

Start 

40.1/10.25 

32.4 

40.0/10.0 

32.3 

39.95/9.75 

32.25 

Finish 

—0.2 

39.9/9.75 

32.2 

“0.2 

39.8/9.55 

32.1 

-0.15 

39.8/9.55 

32.1 

WC-21 

10.9 

34.7 

Start  ; 

39.9/9.75 

36.8 

39.9/9.75 

36.8 

40.0/10.0 

36.9 

Finish 

0 

39.9/9.75 

36.9 

0 

39.9/9.75 

36.8 

“0.1 

39.9/9,75 

36.8 

WC-11 

11.75 

35.5 

Start 

40.65/11.6 

33.05 

40.65/11.6 

33.05 

40.6/11.5 

33.0 

Finish 

-0.15 

40.5/11.25 

32.9 

“0.15 

40.5/11.25 

32.9 

-0.1 

40.5/11.25 

32.9 

chanical  shock  (30  g peak,  8 milliseconds 
duration,  sawtooth),  vacuum  environment, 
and  Van  Allen  Radiation  Belt  exposure. 

The  environmental  evaluation  of  the  TWT 
was  accomplished  by  making  separate  evalu- 
ations of  components  and  subassemblies. 
Tests  were  conducted  on  heaters,  gun  assem- 
blies, helix  assemblies,  and  magnet  assem- 
blies. These  tests  were  then  followed  by 
testing  completely  packaged  tubes  both  at 
sea  level  and  in  a thermal-vacuum  environ- 
ment simulating  the  conditions  in  space. 

Mounting  and  Cooling  The  Tube 

In  modifying  the  A-1228  TWT  for  the 
Relay  I application,  new  methods  of  mount- 
ing and  cooling  the  tube  were  necessary. 
The  new  mounting  method  was  needed  to 
protect  the  tube  from  shock  and  vibration 
during  launch.  The  new  method  of  cooling 
the  tube  was  needed  because  of  the  lack  of 
convection.  Heat  could  be  removed  only  by 
radiation  and  conduction. 

The  isolation  mounting — Each  TWT  was 
mounted  in  the  spacecraft  on  a structural 
member  of  the  frame  with  two  mounting 
isolators  used  on  each  tube  to  limit  the  vibra- 
tion amplitudes  actually  transmitted  from 
the  frame  to  the  tube.  Each  isolator  was  a 


molded  urethane  rubber  ring  0.500"  wide 
and  0.233"  thick,  bonded  to  the  capsule,  and 
a split  stainless-steel  ring  was  bonded  to  the 
outer  surface  of  the  isolator.  The  ring  was 
split  to  permit  application  of  the  proper,  pre- 
determined amount  of  torque  by  the  clamp 
with  which  the  isolators  were  fastened  to 
the  spacecraft  frame.  These  rings  may  be 
seen  next  to  the  input  and  output  connectors 
in  Figures  5-15  and  5-16. 

Cooling— The  main  source  of  heat  in  the 
TWT  was  the  35  to  45  watts  of  power  dissi- 
pated in  the  radiator  by  the  collected  beam. 
This  heat  was  conducted  away  from  the  tube 
by  six  flexible,  stranded-copper  cables  (0.005- 
inch  strands)  each  0.275  inch  in  diameter 
and  attached  to  two  copper  clamps  (shown 
in  Figures  5-15  and  5-16) . Two  cables  were 
fastened  to  the  small  clamp  and  four  cables 
to  the  large  clamp.  The  larger  of  the  clamps 
was  attached  to  the  main  spacecraft  heat 
sink,  which  extended  vertically  in  the  center 
of  the  spacecraft,  and  the  smaller  clamp  was 
attached  to  a gusset  plate  on  the  spacecraft 
frame. 

The  cables  were  attached  to  the  radiator 
end  of  the  tube  capsule  and  to  the  clamps 
with  silver-loaded  epoxy  to  provide  a strong, 
thermally  efficient  bond.  Vibration  tests  of 
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a tube  in  a simulated  spacecraft  proved  the 
suitability  of  this  flexible  strap-and-clamp 
arrangement  for  conducting  the  heat  away 
from  the  tube  radiator.  The  glass  bottle  and 
the  magnet  stack  were  cooled  by  methods 
described  as  follows. 

The  TWT  bottle -and -magnet  assembly 
were  enclosed  in  a stainless  steel  capsule 
which  was,  in  turn,  enclosed  in  a stainless- 
steel  pressurized  envelope.  To  accomplish 
this,  pressurized  TNC  connectors  and  a 
vacuum-tight  metal-ceramic  stem  were  used. 
The  outer  pressurized  envelope  consisted  of 
two  stainless-steel,  open-ended  semi-cylin- 
ders. The  tube-and-magnet  assembly  in  its 
stainless-steel  capsule  was  placed  in  one  semi- 
cylinder and  was  potted  in  place  with  rigid 
epoxy.  Copper  straps  were  used  to  connect 
the  inner  capsule  to  the  inside  of  the  outer 
envelope  to  make  a good  thermal  bond  be- 
tween the  two.  The  two  semi-cylinders  were 
then  heliare-welded  together  making  a vacu- 
um-tight joint. 

A vacuum-tight,  metal-ceramic  stem  was 
attached  to  the  leads  of  the  tube  and  heliare- 
welded  in  place  in  the  end  of  the  envelope. 
Pressurized  metal-ceramic  TNC  connectors 
were  attached  to  the  tube  capsule  and  also 
heliare-welded  in  place.  A copper  disc  with 
a stainless-steel  flange  was  bonded  to  the 
radiator  and  this  was  heliare-welded  in  place, 
thus  making  a pressurized  envelope. 

This  envelope  was  baked  at  100°C,  leak 
tested,  and  pure  nitrogen  was  pumped  into 
the  envelope  through  a copper  tubulation  in 
the  stem.  The  stem  tubulation  was  then 
pinched  off,  effecting  a coldmetal  weld  and 
a pressurized  envelope.  The  completed  tube 
was  placed  in  a vacuum  chamber  for  24  hours 
and  operated  at  35-minute  intervals  every  2 
hours  to  ensure  that  the  tube  was  properly 
pressurized  and  was  leak  tight. 

The  helix  glass  was  cooled  by  convection 
through  the  gas  in  the  pressurized  container. 
The  collector,  magnet  assembly,  etc.,  were 
cooled  by  conduction  through  the  stranded 
copper  straps  to  the  spacecraft  heat  sink. 
The  pressurized  tube  was  protected  against 
shock  and  vibration  by  the  isolation  mount- 


ing described  earlier. 

Environmental  Test  Results — The  proto- 
type TWT  was  qualification-tested  according 
to  the  following  tests  and  performed  satis- 
factorily during  all  the  tests : 

1.  Thermal-Vacuum  Test  — 30  days  at 
pressure  of  5 X 10-5  mm  Hg.  Temperature 
cycling  from  — 10°  C to  +35°  C. 

2.  Vibration — Tested  in  a dynamic  model 
of  the  Relay  I spacecraft  to  qualification 
levels  for  the  spacecraft. 

3.  Acceleration — Tested  on  a centrifuge 
to  the  qualification  levels  for  the  spacecraft. 

Fabrication 

General 

The  fabrication  procedures  and  controls 
adopted  for  the  A-1245  were  designed  to 
ensure  maximum  tube-to-tube  uniformity 
(see  Figure  5-21).  Rigidly  enforced  accept- 
ance criteria  were  established  for  parts  and 
subassemblies,  and  a documentation  system 
was  established  to  ensure  that  a complete 
record  of  all  parts  and  processing  steps  was 
kept  for  each  tube  package.  A series  of  in- 
spection points  was  established  to  eliminate 
non-uniform  components  during  assembly. 

In  addition,  the  tube-making  practices 
emphasized  special  controls  on  the  tube  op- 
erating parameters  which  were  found  to  be 
related  to  the  tube  stress  points,  either 
through  theoretical  analyses  or  during  the 
development  phase  of  the  program.  Thus, 
tests  were  performed  during  the  fabrication 
cycle  on  cathode  activity  and  beam  trans- 
mission characteristics,  because  these  were 
judged  of  extreme  importance  in  predicting 
the  reliability  of  a particular  tube.  Great 
emphasis  was  placed  on  thermal-vacuum 
testing  of  tubes,  because  this  type  of  test 
was  shown  to  flush  out  weak  design  areas 
during  the  later  stages  of  the  development 
phase  of  the  program,  prior  to  the  fabrica- 
tion phase. 

Fabrication  Steps 

The  following  were  the  major  steps  in  the 
preparation  of  the  tubes  for  the  acceptance 
or  design  proof  tests : 


Figure  5-21.— Clean  Room  in  which  satellite  tubes  are  assembled. 


1.  After  a tube  was  assembled  and  proc- 
essed through  the  exhaust  cycle,  it  was 
evaluated  electrically  in  a standard  package, 
containing  known  focusing  and  RF  compo- 
nents. This  was  the  first  screening  of  the 
new  tube,  and  peculiarites  associated  with 
beam  transmission,  sensitivity  to  voltage 
changes,  and  RF  performance  were  carefully 
noted.  Variations  of  these  parameters  out- 
side predetermined  limits  or  peculiarities  of 
performance  resulted  in  the  “bottle”  being 
eliminated. 

2.  The  tube  was  next  focused  and  locked 
in  a specific  package  with  which  it  remained 
mated.  It  was  subjected  to  the  pre-aging 
bench  test  (at  room  temperature,  in  air), 
during  which  it  had  to  pass  all  RF  require- 
ments at  the  rated  voltage  and  currents. 


3.  During  the  next  step  (aging  in  air  en- 
vironment—300  hours  minimum),  any  tube 
which  showed  anomalous  emission-stabiliza- 
tion trends  was  eliminated.  Refocusing  the 
tube  after  the  aging  cycle  eliminated  a sub- 
stantial portion  of  the  helix  current  rise. 
The  helix  current  rose  500  microamperes 
(typical)  during  the  aging  cycle.  Refocus- 
ing reduced  the  helix  current  by  this  amount 
and  kept  the  subsequent  rise  to  extremely 
low  levels.  This  fact  is  illustrated  in  Figure 
5-22. 

Cathode  emission  was  monitored  during 
aging,  and  any  tube  displaying  a measurable 
decrease  in  cathode  current  was  eliminated. 
An  increase  in  cathode  current  of  up  to  5% 
was  accepted. 

4.  After  aging,  each  tube  was  again  tested 
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for  electrical  performance  (post-aging  bench 
test) . Except  for  the  rise  in  cathode  current, 
no  change  in  performance  from  that  ob- 
served during  the  pre-aging  test  was  ex- 
pected. 

5.  A cathode  activity  test  was  performed 
next.  Figure  5-23  is  a plot  of  cathode  cur- 
rent as  a function  of  heater  voltage.  As 


Figure  5-23. — Cathode  activity  test. 


shown  in  the  figure,  the  cathode  current 
change  was  limited  to  1 milliampere  maxi- 
mum when  the  heater  voltage  was  dropped 
from  3.75  volts  to  3.25  volts. 

6.  The  first  thermal-vacuum  test  was  next 
performed.  The  tube  was  mounted  in  a 
vacuum  chamber  (having  a pressure  of  10~5 
mm  Hg  or  less)  so  that  the  tube  was  ther- 
mally stressed  to  limits  equal  to,  or  greater, 
than  those  expected  in  flight.  The  tube  was 
operated  for  one  hour  and  allowed  to  reach 
maximum  flight  temperatures.  Performance 
within  specifications  with  related  voltages 
applied  was  required.  No  performance 
anomalies  were  tolerated. 

7.  Cycled  thermal-vacuum  test : Each  tube 
was  operated  for  24  hours  minimum  (some 
tubes  were  operated  for  48  hours  for  this 
test)  at  specified  cycled  conditions  of  tem- 
perature and  RF  drive.  During  this  test,  all 
tube  voltages  and  currents,  the  temperature 
of  the  tube  mounting  sink,  the  vacuum  pres- 
sure, the  tube  input  and  output  RF  values, 
and  RF  spectrum  were  monitored.  No  deg- 
radation in  performance  for  the  specified 
period  and  no  observable  change  in  emission 
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or  focusing  over  that  established  at  the  be- 
ginning of  the  test  was  allowed. 

8.  Tubes  passing  all  the  foregoing  tests 
were  completely  packaged.  After  this  step, 
adjustments  of  the  tube  within  its  package 
(e.g.,  focusing  and  related  adjustments) 
were  not  possible. 

9.  Electrical  testing,  a preliminary  vibra- 
tion run,  and  an  electrical  retest  followed 
packaging.  Tubes  which  met  all  performance 
became  candidates  for  design  proof  or  accept- 
ance tests. 

The  Test  Program 

In  addition  to  the  various  screening  tests 
described  previously,  several  formalized  sets 
of  tests  were  used  during  the  development 
and  fabrication  phases  of  the  A-1245  travel- 
ing wave  tube.  The  purpose  and  scope  of 
these  tests  were  as  follows: 


expected  in  flight.  The  test  was  used  to  give 
a first  estimate  of  the  tube  life  in  a relatively 
short  period  of  time. 

Life  Tests 

The  Relay  I traveling-wave  tube  was  de- 
signed to  stay  within  the  stress  levels  (cath- 
ode emission,  helix  current  interception, 
thermal  levels,  etc.)  previously  established 
for  its  forerunner,  the  A-1228.  By  doing 
this,  reliability  data,  particularly  life  data, 
could  be  carried  forward  with  validity  and 
combined  with  A-1245  data  to  give  a much 
more  comprehensive  life  evaluation.  The 
calculations  for  MTBF  and  Confidence  uti- 
lized the  confidence  equation: 


where ; 


Qualification  (Design  Proof)  Tests 

The  purpose  of  this  series  of  tests  was  to 
evaluate  the  capability  of  the  design  to  meet 
all  requirements  except  life.  The  tests  in- 
cluded random  and  sinusoidal  vibration, 
shock  and  acceleration,  and  thermal-vacu- 
um, usually  at  levels  1*4  times  the  maximum 
stress  expected  in  flight.  RF  performance 
was  expected  to  be  unchanged  before,  dur- 
ing, and  after  the  tests. 


N = number  of  units  on  test 
t = time  of  each  unit  tested 
m s=  mean-time-before-failure 
r .=  number  of  failures  on  test 

This  equation  assumes  that  the  failure  rate 
will  be  constant ; that  is, 

Number  of  failures 
during  time  interval  , , 

_ — . . — — - — = constant ; 

Number  of  units  operating 
at  start  of  time  interval 


Acceptance  Tests 

These  tests  were  performed  to  ensure  con- 
formity of  a particular  production  tube  with 
the  qualified  design  prototype  that  under- 
went design  proof  testing.  The  tests  were 
generally  similar  to  the  design  proof  tests, 
except  that  stresses  usually  equalled  the 
maximum  levels  expected  during  flight. 

Special  Tests 

These  were  tests  devised  to  prove  particu- 
lar aspects  of  the  tubes’  performance.  Of 
particular  value  during  the  A-1245  program 
was  a special  design  confidence  test,  during 
which  tubes  were  subjected  to  30  days  of 
operation  in  vacuum,  with  both  thermal  and 
RF  conditions  cycled  to  simulate  conditions 


and  that  the  wearout  point  is  beyond  the 
projected  mean-time-to-failure.  The  con- 
stant-failure assumption  has  been  found  to 
be  valid  from  electron  tube  life  test  plans 
and  is  commonly  accepted  by  military  agen- 
cies. Also,  the  most  likely  wearout  factor, 
cathode  emission,  has  been  shown  to  be  well 
beyond  seven  years  at  the  levels  used.  Thus, 
the  two  assumptions  appear  valid.  The 
MTBF  quoted  is  based  on  information  from 
tests  which  were  still  continuing.  The 
MTBF  projections  were  expected  to  increase 
as  more  life-hours  were  accumulated. 

TWT  POWER  SUPPLY 

The  traveling - wave  tube  power  supply 
consisted  of  a low-pass  input  filter,  a dc-to- 
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ac  inverter,  two  transformer-rectifier-filter 
circuits,  a timer  module  and  switch,  and 
telemetry  circuitry.  The  unit  performed  the 
functions  of:  (1)  converting  the  regulated 
22.5  volts  dc  to  the  proper  filament,  collector, 
helix,  and  anode  voltages  for  the  TWT ; (2) 
supplying  a 3-minute  time  delay  between 
the  application  of  filament -plus -collector 
voltages  to  the  TWT,  and  the  application  of 
the  anode-plus-helix  voltages ; (3)  supplying 
an  output  to  the  command  control  unit  for 
use  in  the  beyond -the -horizon -turn -off 
switch;  and  (4)  supplying  telemetry  outputs 
related  to  the  TWT  operating  parameters. 
A block  diagram  of  the  unit  is  shown  in 
Figure  5-24. 


Figure  5-24. — TWT  power  supply,  block  diagram. 


The  wideband  subsystem  power  supply 
design  philosophy  was  to  provide  a separate 
power  supply  regulator  for  each  microwave 
repeater.  A nominal  22.5  ± 1 percent  bus 
was  supplied  to  each  repeater.  The  actual 
design  realized  for  these  regulators  provided 
better  than  the  allowed  ±1  percent  tolerance 
including  all  effects.  In  tests  run  with  engi- 
neering-model TWT  power  supplies  and  sam- 
ple TWT’s  the  TWTs  were  found  to  tolerate 
variations  of  the  power  supply  input  of  up 
to  ±3%  with  a result  of  no  more  than  a 
0.5  db  variation  in  TWT  output.  Thus,  no 
additional  regulation  was  needed  in  the  TWT 
power  supplies. 

To  minimize  weight  it  was  determined 
early  in  the  design  effort  that  an  unpressur- 
ized design  would  be  attempted.  The  ques- 
tion remained  as  to  whether  or  not  potting 


should  be  used  for  high-voltage  components. 
The  overall  spacecraft  specifications  did  not 
require  operation  of  these  supplies  during 
launch  or  during  the  first  orbit  of  the  space- 
craft. Bell- jar  tests  revealed  that  the  pres- 
sure inside  the  unit,  with  its  multi-holed 
cover  (see  Figure  5-25),  lagged  only  five 
minutes  behind  the  outside  pressure.  Also, 


Figure  5-25.— Relay  I TWT  power  supply. 


similar  tests  on  unpotted  development  mod- 
els did  not  show  corona  activity  when  the 
units  were  turned  on  one-half  hour  follow- 
ing evacuation  of  the  enclosure.  Thus,  the 
unit  was  not  pressurized  and  did  not  include 
potted  components. 

The  dc-to-ac  inverter  used  two  2N1016B 
n-p-n  transistors.  Operation  started  at  ap- 
proximately 14-volts  input.  Inversion  took 
place  at  a 2.5-kc  rate.  The  output  of  the 
inverter  was  essentially  a square  wave  and 
drove  the  two  high-voltage  transformers. 
These  transformers  are  oil  impregnated 
(DC-710).  Dry-type  transformers  with 
toroidal  cores  were  found  to  have  excessive 
corona.  The  final  transformer  design,  which 
was  corona-free,  used  oil-impregnated  wind- 
ings potted  in  epoxy.  After  rectification  and 
filtering,  filament  and  collector  voltages  were 
applied  to  the  TWT  from  one  transformer 
circuit  while  helix  and  anode  voltages  were 
supplied  from  the  other. 

A three-transistor  timer  module  delayed 
by  three  minutes  energization  of  the  helix- 
anode  supply  following  application  of  input 
power,  so  that  full  warm-up  of  the  TWT 
cathode  was  provided  before  beam  current 
flowed.  De-energization  of  the  timer  took 
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place  10  milliseconds  following  removal  of 
input  power,  requiring  execution  of  a new 
3-minute  cycle.  This  ensured  that  power  re- 
movals of  short  duration  would  not  result 
in  beam-current  flow  from  a partially  heated 
cathode. 

The  dc  (load-line)  regulation  of  the  unit 
helix-anode  supply  required  special  atten- 
tion. During  turn-on  of  the  TWT  at  low 
helix-anode  voltage,  the  helix  drew  current 
much  higher  than  normal  (7  to  10  ma) . This 
caused  the  tube  to  behave  as  a non-linear 
resistor,  with  a negative  resistance  region 
over  a portion  of  its  voltage-current  char- 
acteristic. If  the  combination  of  dc  regula- 
tion and  negative  resistance  is  improper,  the 
tube  can  “lock-up”  at  low  voltage  in  non- 
operating condition.  The  helix-anode  supply 
had  a regulation  of  20  volts  per  milliamp  in 
the  zero  to  7-milliamp  load  range  which  was 
adequate  to  avoid  this  difficulty  with  most 
tubes. 

The  ability  to  supply  the  exact  voltages 
needed  by  a particular  TWT  was  provided 
by  high-voltage  transformer  taps.  These  al- 
lowed for  variation  of  the  nominal  helix  and 
anode  voltages  over  ±6  percent  total  range 
with  a 1 percent  variation  between  succes- 
sive taps. 

The  major  parameters  of  the  power  sup- 
ply are  shown  in  Table  5-13. 

MICROWAVE  BEACON 

The  microwave  beason  unit  provided  an 
unmodulated  carrier  at  4079.73  Me  for  use 
as  a tracking  signal  by  the  ground  stations. 
This  was  applied  to  the  TWT  input  via  the 
beacon  coupler.  A block  diagram  of  the  unit 
is  shown  in  Figure  5-26.  A photograph  of 
the  unit  is  included  in  Figure  5-14. 

PERFORMANCE 


Table  5-13. — TWT  Power  Supply  Parameters 


Parameters 


Value 


Input  voltage-  - — — 

Input  power 

Operate. 

Warm  up_ 

Efficiency—  _ - _ - - 

Output  voltages  and  currents* 

Filaments* ______ 

Collector — - --- 

Helix— •. — — ; — 

Anode— __ 

Turn-on  time  delay. 

Weight-  ------  - --  --  --  — 

Size 


22.5  volts  ± I percent 

70  watts 
15  watts 
75  percent 

4.25*  v.  @ 1.6  amps 

950*  v.  @ 45  ma 

2030  v.  @ 1 ma  (2 'A  ma  max) 

1500  v.  @ 0.1  ma 

3 minutes 

4.4  lb 

4"  X V X 2!4" 


*Norainal  value. 


113.3258  Me 


113.3258  Me 


113.3258  Me 


453.3032  Me 


4079.7288  Me.  0.5  MW 
NOMINAL 


TO  BEACON  COUPLER 


Figure  5-26. — Microwave  beacon,  block  diagram. 


General 

A comprehensive  set  of  measurements  was 
made  on  each  finished  repeater.  The  purpose 
of  these  tests  was  to  verify  proper  operation 
within  design  objectives  and  to  establish  a 
set  of  reference  measurements  for  possible 
later  comparison  with  actual  in-orbit  opera- 


tion. In  general,  these  measurements  re- 
vealed no  anomalous  behavior  and  demon- 
strated performance  essentially  within  the 
specifications  and  objectives.  The  following 
material  will  describe  actual  measurements 
made  on  one  of  the  Relay  I wideband  re- 
peaters, Serial  No.  FI  A. 
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Output  Power 

In  the  wideband  mode,  the  output  power, 
measured  at  the  TWT  output,  was  11.6 
watts  over  the  expected  operating  range  of 
input  power.  Figure  5-27  shows  the  output 
power  level  versus  repeater  input  level  for 
the  wideband  mode.  The  block  diagram 
(see  Figure  5-28)  shows  the  test  set-up  for 
measuring  output  power.  The  input  levels 
referred  to  in  this  report  were  measured  at 
the  spacecraft  antenna  terminals  and  include 
the  effect  of  the  input  hybrid. 


Figure  5-27. — Output  power  vs.  reference  input 
level,  wideband  mode. 


Figure  5-28. — Output  power  vs.  repeater  input 
power,  narrowband  mode. 

From  no  signal  conditions  to  about  — 80 
dbm  input,  the  AGC  allowed  essentially  full 
gain.  There  is  enough  noise  in  the  front-end 
to  cause  nearly  full  power  output  under  this 
condition.  Under  signal  conditions,  noise 
quieting  comes  into  effect  and  the  noise  out- 
put decreases. 

In  the  narrowband  mode,  the  output  power 
was  measured  for  equal  input  levels,  and 


for  unbalanced  input  levels.  Figure  5-29 
shows  the  individual  carrier  levels  for  equal 


Figure  5-29. — Test  setup  for  output  power,  fre- 
quency and  spurious  signal  measurement,  block 
diagram. 


carrier-input  levels.  Also  shown  is  the  sum 
power.  It  should  be  noted  that  this  sum 
power  was  less  than  that  of  the  wideband 
mode  single  carrier.  When  two  carriers  are 
applied  to  a saturating  amplifier,  harmonics 
and  intermodulation  products  are  formed. 
Part  of  the  available  power  is  lost  in  these 
products,  lowering  the  available  carrier  pow- 
er. It  is  noted  that  at  low-input  powers 
( — 80  dbm)  the  individual  carrier  powers 
decreased,  but  the  sum  power  remained  con- 
stant at  a value  higher  than  the  RMS  of  the 
individual  carrier  powers.  This  was  due  to 
the  measurements  technique.  The  sum  power 
was  measured  by  a total  power  measuring 
device,  while  the  individual  carrier  powers 
were  measured  using  a spectrum  analyzer 
and  calibrating  signal  generator.  The  indi- 
vidual carrier-power  values  plotted  were, 
therefore,  the  carrier  only,  exclusive  of  the 
noise  power  associated  with  the  carriers. 

The  low  C/N  ratio  at  — 80  dbm  most  likely 
accounted  for  the  additional  power  appear- 
ing in  the  sum  measurement. 

The  repeater  was  also  checked  for  proper 
limiting  when  the  two  narrowband  signals 
were  differing  by  10  db  in  level.  Table  5-14 
lists  the  results  for  several  combinations  of 
input  levels.  The  beacon  output  power  was 
24.7  dbm  at  25°C  and  23.2  dbm  at  0°C. 

Frequency  Response 

The  repeater  was  swept  in  frequency  in 
both  the  wideband  and  narrowband  modes 
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Table  5-14. — Results  of  Narrowband  Mode 
Compression  Check 


Input  power,  dbm 

Output  power,  dbm 

Sh 

Sh 

Sh 

Sh 

-70 

-70 

35.47 

36.37 

-70 

-80 

35.47 

35.47 

— 70 

-60 

35.57 

36.27 

-60 

-70 

35.57 

36.27 

-80 

-70 

35.67 

36.27 

to  insure  that  the  receiver  bandpass  char- 
acteristics were  adequate  and  not  a function 
of  signal  level  (see  Figure  6-80).  The  wide- 
band mode  bandwidth  was  34  Me  at  X-db 
and  36  Me  at  3-db  down.  The  bandwidth 
was  measured  through  the  whole  repeater 
and  included  the  effects  of  tripling  and 
limiting. 

The  narrowband  swept  response  included 
the  effects  of  limiting  and  tripling.  The  ap- 


CENTER  LINE  FREQUENCY  : 4169.  72  MC,  TEMPERATURE:  25°C 
HORIZONTAL  SCALE  : 5 MC/cm,  VERTICAL  SCALE  0.02  V/cm 


B.  INPUT: -60  dbm 


C.  INPUT:-  80  dbm 


Figure  5-30. —Frequency  response  TWT — wideband  and  narrowband  modes. 
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parent  lack  of  separation  between  the  two 
channels  is  explained  as  follows,  referring 
to  Figure  5-31:  As  the  swept  carrier,  in- 


Figure  5-31. — Narrowband  mode  block  diagram. 


creasing  in  frequency,  reached  the  top  edge 
of  the  bandpass  filter,  centered  at  68.33  Me, 
the  limiting  amplifier  tended  to  keep  the 
power  into  the  low-frequency  tripler  con- 
stant. Simultaneously,  power  started  to  ap- 
pear at  the  output  of  the  high-frequency 
tripler.  These  two  powers  varied  in  phase, 
in  accordance  with  the  transfer  characteris- 
tics of  the  total  networks.  Thus,  the  two 
powers  added  vectorially  and  produced  a 
total  output  which  rose  above  the  individual 
channel  output  and  varied  rapidly  with  fre- 
quency. 

Noise  Figure 

The  small  signal  noise  figure  of  the  re- 
peater was  14  db.  Figure  5-32  shows  the 
variation  of  noise  figure  with  input  level. 
The  high  measured  readings  at  — 80-dbm 
input  were  a result  of  the  measurement 


INPUT  LEVEL  ~ dbm 

Figure  5-32. — Noise  figure  vs.  input  level. 


method.  Noise  quieting  tests  showed  that 
the  actual  noise  figure  was  constant,  down 
to  — 80  dbm.  The  slight  increase  in  noise 
figure  with  increase  in  signal  strength  was 
a result  of  the  decrease  in  gain  of  the  early 
IF  stages  as  the  AGC  increased.  As  the  gain 
decreased,  the  noise  contributions  from 
stages  past  the  first  two  (which  have  no 
AGC)  increased,  increasing  the  noise  fig- 
ure. This  increase  did  not  impair  the  opera- 
tion of  the  repeater,  since  the  carrier  power 
increased  at  a much  faster  rate,  resulting  in 
a net  increase  in  carrier-to-noise  ratio. 

Transmission  Tests 

A series  of  tests  were  run  in  both  the 
wide  and  narrowband  modes  to  determine 
the  effect  of  the  repeater  on  the  transmitted 
signals.  In  the  wideband  mode  the  repeater 
was  measured  for  group  delay  and  the  noise- 
power  ratio  (NPR)  for  an  FM  signal  carry- 
ing the  noise  equivalent  of  300  frequency- 
division-multiplex  (FDM)  voice  channels. 
Standard  TV  patterns  were  transmitted  and 
crosstalk  measured  in  the  audio  channel.  In 
the  narrowband  mode,  NPR  and  crosstalk 
measurements  were  made  for  12-channel 
loading. 

Wideband  Mode 

Intermodulation  noise  measurements  were 
made,  using  a flat-baseband  noise  spectrum 
extending  from  60  kc  to  1300  kc,  to  repre- 
sent 300  FDM  voice  channels.  This  baseband 
was  used  to  frequency  modulate  the  carrier. 
Test  tone  deviation  for  0-dbm0  was  225  kc 
RMS.  The  repeater  triples  this  deviation  to 
675  kc  RMS.  Figure  5-33  shows  the  test 
set-up  used  in  the  measurements.*  A slot 
filter  was  placed  in  the  baseband  at  1248  kc, 
and  the  noise  measured  in  this  slot  after 
transmission  and  demodulation.  The  result- 
ing NPR  was  then  weighted  to  determine 
test-tone-to-noise  and  converted  to  picowatts. 

*The  MM-600  units,  referred  to  in  the  block  dia- 
gram, are  modulator  and  demodulator  units  of  an 
RCA  high-capacity  microwave  relay  design.  See 
C.  6.  Arnold,  et  al.,  “A  High  Capacity  Microwave 
Relay  System”  Communications  and  Electronics, 
Vol.  45,  pages  712-722,  November  1959. 
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Figure  5-33. — 300  channel  noise  loading  test  setup. 


Pre-emphasis  was  not  used  in  the  measure- 
ments, so  that  an  allowance  of  4 db  was 
made  in  the  weighting.  Table  5-15  shows 
the  results  for  an  input  level  of  — 40  dbm. 

Group-delay  (differential  time  delay) 
measurements  were  also  made.  Table  5-16 
lists  the  linear  and  parabolic  components  of 
the  group  delay.  Back-to-back  measurements 
are  also  included  for  correction  purposes. 
Figure  5-34  shows  the  measured  group  de- 
lay. The  group-delay  measurements  can  be 
correlated  with  the  NPR  measurements. 
Using  the  uncorrected  group  delay  0°C,  the 
calculated  weighted  noise  power  is  3,150 
picowatts,  compared  to  2,290  picowatts 


Table  5-15. — 300-Channel  Noise-Loading  Test 


Item 

25°C  ! 

0°C 

Slot  frequency  _ 

70  kc 

270  kc 

1248  kc 

1248  kc 

NPR  (db) 

49.2 

45.6 

36.2 

33.5 

0 dbmO  TT /noise  (flat)  (db)  ___ 

65.6 

62.0 

52.6 

49.9 

Noise  in  picowatts  with  4 db_ 

Pre-emphasis  and  2.5  db 

psophometric  weighting 

1230  pw 

2290  pw 

Input  — — 40  dbm 


Table  5-16. — Wideband  Group  Delay  Measurements 


Source 

Parabolic  component 
10- 9 sec /me-2 

Linear  component 
10-9  sec/me 

25°G 

0°C 

25°C 

0°C 

Overall  measurement  __  _ 

0.5 

0.56 

+0.06 

-0.19 

Back-to-back  reference 

0.29 

0.29 

+0.16 

+0.16 

Repeater  group  delay. _ 

0.21 

0.27 

-0.1 

-0.35 

measured.  (The  measured  NPR  included  the 
test  equipment  contributions.) 

A television  test  pattern  (staircase  or 
white-window)  was  transmitted  through  the 
repeater.  Comparison  with  back-to-back 
tests  showed  no  visible  deterioration  of  pic- 
ture quality  for  input  levels  of  — 40  and 
— 60  dbm. 

Measurement  of  crosstalk  from  the  video 
portion  into  the  audio  subcarrier  gave  a 
peak-to-peak  reference  tone  to  peak-to-peak 
noise  ratio  of  66  db.  The  noise  appeared  as 
a modulation  of  the  audio  subcarrier  by  the 
15-kc  line  rate  of  the  video.  The  effect  is 
caused  by  group  delay. 

Narrowband  Mode 

Noise-loading  tests  were  run  in  the  nar- 
rowband mode  to  simulate  12  voice  channels, 
in  each  direction.  The  specifications  called 
for  12  channels  in  the  baseband  of  12  kc 
to  108  kc.  Because  of  test  equipment  limita- 
tions, the  measurements  of  the  Relay  I re- 
peater included  the  effects  of  thermal  noise 
which  tended  to  obscure  the  intermodulation 
and  crosstalk  performance.  The  measuring 
equipment  subsequently  was  modified  to 
eliminate  thermal  noise.  The  measurements 
listed  in  Tables  5-17  and  5-18  are  typical  of 
the  narrowband  performance.  It  should  be 
noted  that  substantially  the  same  perform- 
ance has  been  measured  on  the  Relay  I 
spacecraft  by  the  ground  stations.  For  NPR 
measurements,  the  baseband  was  set  to  give 
a 0-dbm0  test-tone  deviation  of  105  kc  RMS 
at  the  repeater  input  (315  kc  at  the  output) , 
the  required  deviation  for  a 12-channel  sys- 
tem. Table  5-17  lists  the  measured  NPR  of 
a typical  repeater  for  baseband  frequencies 
of  70  kc  and  105  kc.  The  measurements 
were  made  with  a CW  signal  in  the  second 
RF  channel  to  properly  load  the  repeater. 

Crosstalk  was  measured  in  the  unmodu- 
lated RF  channel.  Table  5-18  lists  the  re- 
sults for  a typical  repeater.  The  crosstalk 
ranged  from  about  58.4  to  67.9  dbmO. 

Spurious  Outputs 

The  output  of  the  repeater  was  examined 
for  spurious  outputs  in  both  modes.  In  the 
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NOTE: 

DUAL  TRACES  ARE  TEN  NANOSECONDS  APART 


POSITIVE 

GROUP 

DELAY 


A.  REFERENCE  MM  600  BACK  TO  BACK 
THROUGH  RF  TEST  JIG 
SWEEP  WIDTH  • t 8 MC 


P OS 
GROUP 
DELAY 


POS 

GROUP 

DELAY 


8.  I N PUT : - 40  dbm 
SWEEP  WIDTH:  + 8 MC 
TEMPERATURE:  25°  C 


„C.  INPUT: -40  dbm 
SWEEP  WIDTH:  t 8 MC 
TEMPERATURE:  0 ° 0 


Figure  5-34. — Group  delay  measurements. 


Table  5-17. — Narrowband  Noise-Loading  Test  of  a Typical 
Repeater 


Item 

Low  channel 

High  channel 

Notch  frequency 

70  kc 

105  kc 

70  kc 

105  kc 

NPR  (corrected)  (db) 

54 

52 

59.7 

58.7 

O-dbm  TT /noise  (flat)  (db)____ 

62.6 

60.6 

68.3 

67.3 

Noise  in  picowatts  4 db  pre- 

emphasis  and  2.5  db  CCIR 

weighting — 

123  pw 

190  pw  | 

34  pw 

55  pw 

wideband  mode,  the  largest  spurious  product 
was  at  4193  Me  and  was  36  db  below  the 


Table  5-18. — Narrowband- Crosstalk  in  a Typical  Repeater 


Channel  modulated 

Channel  measured 

Mod.  freq. 

Crosstalk 

Low 

High 

105  kc 

> 59.6  dbm 

High 

Low 

105  kc 

^65.6  dbm 

carrier.  This  is  the  37th  harmonic  of  the 
beacon  crystal  frequency.  This  same  spur- 
ious output  was  observed  during  narrow- 
band  mode  measurements. 

In  the  narrowband  mode,  the  noise  level 
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rose  toward  the  edges  of  the  channels  to 
about  26  db  below  carrier  level  when  the 
repeater  was  exposed  to  the  temperature 
extreme  of  — 10° C or  lower.  This  noise  rise 
was  due  to  the  presence  of  some  regenera- 
tion in  the  receiver.  It  was  not  present  at 
normal  operating  temperatures. 


Authors.  This  chapter  was  written  by 
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ton, New  Jersey,  U.S.A.  under  contract  NAS 
5-1272  with  NASA/Goddard  Space  Flight 
Center. 


The  Telemetry  System 


Chapter  6 


GENERAL 

The  Relay  I spacecraft  telemetry  system 
provided  four  basic  functions: 

1.  Radiation  experiment  data  transmission 

2.  Housekeeping  data  transmission 

3.  Diagnostic  data  transmission 

4.  Beacon  signal  for  Minitrack  tracking. 

A block  diagram  of  the  telemetry  system 

is  shown  in  Figure  6-1.  The  telemetry  en- 
coder, horizon-scanner  subcarrier  oscillator, 
and  telemetry  transmitter  were  switched  on 
and  off  by  means  of  ground  command.  Oper- 
ationally, one  transmitter  provided  a con- 
tinuous tracking  signal,  while  the  other  was 
commanded  on  as  telemetry  or  horizon-scan- 
ner data  was  desired.  The  modulation  switch 
(located  in  the  command  control  circuit 


described  in  Chapter  7)  selected  the  trans- 
mitter to  be  modulated  and  the  source  of 
modulation.  Only  one  transmitter  could  be 
modulated  at  any  one  time  with  either  telem- 
etry or  horizon-scanner  data. 

A 3-db  coupler  provided  isolation  between 
the  telemetry  transmitters.  Output  of  the 
3-db  coupler  fed  a diplexer,  where  telemetry 
signals  were  decoupled  from  the  command 
receiving  systems.  The  diplexer  fed  the  four 
monopoles  of  the  antenna  in  phase  progres- 
sion to  provide  a circularly  polarized  wave  in 
the  plane  perpendicular  to  the  spin  axis.  In 
any  plane  parallel  to  the  spin  axis,  the  wave 
was  linearly  polarized.  The  polarization 
sense  produced  by  one  transmitter  opposed 
that  produced  by  the  other. 


Figure  6-1. — Telemetry  system  block  diagram. 
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THE  RELAY  I SIGNAL  CONDITIONER 
Introduction 

The  function  of  the  signal  conditioner  was 
to  provide  the  following: 

1.  A 9-volt,  regulated,  non-switched  out- 
put for  battery  telemetry 

2.  A 9-volt,  regulated,  switched  output 
(actuated  by  the  1152-pps  clock  pulses  from 
the  telemetry  encoder) 

3.  Solar  array  and  battery  current  telem- 
etry 

4.  Battery  pressure  telemetry 

5.  Battery  temperature  and  pressure  cut- 
off signals  for  the  charge  controller. 

Design  Approach 

The  switched  telemetry  sensor  circuits 
were  energized  only  when  telemetry  infor- 
mation was  being  transmitted.  When  clock 
pulses  from  the  telemetry  encoder  were  re- 
ceived in  the  signal  conditioner,  the  9-volt 
switched  regulator  was  energized.  This  reg- 
ulator applied  power  to  all  the  telemetry 
sensor  circuits  except  the  battery  pressure 
and  temperature  sensors.  These  two  sensors 
were  energized  by  the  9-volt  non-switched 
regulator,  since  they  provided  signals  for 
the  battery  charge-current  cut-off  circuits 
when  normal  battery  temperature  or  pres- 
sure was  exceeded.  To  conserve  array  or 
battery  power,  series  losses  were  minimized 
by  using  current  transducers  in  the  return 
lines  of  the  solar  array  and  batteries. 

The  signal  conditioner,  shown  in  Figure 
6-2,  consisted  of  five  printed  circuit  boards 
fastened  to  a mounting  plate.  Four  of  the 
boards  were  stacked  on  one  side  of  the  mount- 


Figure  6-2. — Signal  conditioner. 


ing  plate,  while  the  fifth,  containing  the  cur- 
rent transducers,  was  on  the  other  side.  The 
power  transistor  for  the  9-volt  switched 
regulator  was  mounted  on  the  plate  to  pro- 
vide an  adequate  heat  sink.  Finally  the 
mounting  plate  was  fastened  to  the  space- 
craft structure. 

Operational  Description 

Genera! 

A block  diagram  shown  in  Figure  6-3 
indicates  the  various  stages  in  the  signal 
conditioner. 

9-Volt  Regulators 

Both  9-volt  regulators  were  series  type 
regulators,  with  a series  resistor  and  tran- 
sistor between  the  unregulated  bus  and  the 
9-volt  output.  The  output  was  fed  back  to 
a differential  amplifier,  one  side  of  which 
contained  a zener  reference.  One  collector 
of  the  differential  amplifier  drove  an  emitter 
follower  connected  to  the  series  output  tran- 
sistor. 

The  switched  9-volt  regulator  was  turned 
on  and  off  by  controlling  the  base  voltage  of 
the  emitter  follower.  The  control  voltage 
was  obtained  from  the  square-wave  supply. 

Square- Wove  Supply 

The  input  to  the  square-wave  supply,  a 


Figure  6-3.— Signal  conditioner  block  diagram. 
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0-to-10-volt  pulse  at  a frequency  of  1152  pps, 
was  applied  only  when  the  encoder  was  on. 
The  input  pulses  charged  a capacitor  in  an 
RC  circuit,  which  turned  on  a transistor  to 
energize  the  9-volt  switched  regulator. 
When  the  input  was  removed,  the  capacitor 
discharged,  and  the  transistor  and  9-volt 
switched  regulator  were  turned  off. 

The  other  square-wave  supply  output  was 
obtained  from  a zener  diode,  which  was 
turned  off  each  time  the  input  pulse  grounded 
the  diode  through  a transistor  switch.  The 
output,  0-to-15-volt  pulses  at  the  same  repe- 
tition rate  as  the  input,  was  capacitively 
coupled  to  the  current  transducers. 

Solar-Array  and  Battery-Current  Telemetry 

Solar-array  and  battery  currents  were 
passed  through  one  winding  of  separate  cur- 
rent transducers.  A current  transducer  con- 
sisted of  two  tape- wound  cores  with  a current 
winding  of  few  turns  and  an  output  wind- 
ing of  many  turns.  One  end  of  the  output 
winding  was  connected  to  the  pulse  output  of 
the  square-wave  supply  and  the  other  to  the 
peak-detector  input.  Since  the  impedance  of 
the  output  winding  was  proportional  to  the 
dc  current  in  the  current  winding,  an  ac 
voltage  was  produced  at  the  input  to  the 
peak-detector,  proportional  to  the  array  or 
battery  current. 

The  positive  half  of  the  voltage  input  to 
the  peak-detector  charged  a capacitor  in  an 
RC  circuit.  Because  the  RC  circuit  had  a 
long  time-constant,  the  capacitor  tended  to 
charge  to  the  peak  value  of  the  input.  The 
output  of  the  peak-detector  was  fed  to  the 
telemetry  encoder. 

Battery  Pressure  Telemetry 

The  pressure  signals  were  either  zero  or 
9 volts  depending  on  whether  battery  pres- 
sure was  normal  or  high,  respectively.  The 
signals  from  the  three  pressure  sensors  (one 
per  battery)  were  applied  to  an  arrangement 
of  resistors.  From  the  output  voltage  level 
of  the  resistor  matrix,  the  pressure  status  of 
each  of  the  three  batteries  could  be  telem- 
etered. 


Battery  Charge  Cut-Off 

The  signal  conditioner  included  the  bat- 
tery pressure  and  temperature  cut-off  cir- 
cuitry. Because  these  circuits  pertain  to  the 
power  supply  rather  than  to  telemetry  func- 
tions, they  are  described  in  Chapter  8. 

Equipment  Performance 

Unregulated  bus  input  current 

1.  Encoder  off : 24  milliamperes 

2.  Encoder  on:  66  milliamperes 
Telemetry  signal  range 

1.  Solar-array  current, 

0 to  2 amps  : 0.7  to  4 volts 

2.  Battery  current, 

—2  to  +5  amps : 0.7  to  4 volts 
Regulated  voltage  for  telemetry  sensors 

1,  Encoder  on:  9 volts  ± 0.8  volts* 

2.  Encoder  off:  less  than  1 volt 
Regulated  voltage  for 

battery  sensors : 9 volts  0.8  volts* 
Telemetry  signal  for 

battery  pressure:  0.57  to  4.5  volts 

THE  RELAY  I TELEMETRY  ENCODER 
Introduction 

The  function  of  the  telemetry  encoder  was 
to  accept  the  necessary  spacecraft  data  and 
to  multiplex  it  into  a form  suitable  for  trans- 
mission to  the  ground  via  the  telemetry 
transmitter.  Thus,  the  encoder  was  inter- 
faced with  various  data  transducers,  sensors, 
and  signal  conditioners  at  its  input,  and  the 
telemetry  transmitter  at  its  output. 

The  following  describes  the  factors  which 
contributed  to  the  development  of  the  en- 
coder specifications. 

Telemetry  Data  Requirements 

Commensurate  with  the  established  mis- 
sion objectives,  the  telemetry  data  require- 
ments were  analyzed  on  the  basis  of  two 
major  functional  areas:  (1)  Diagnostic  and 
spacecraft  status  data  necessary  for  efficient 
and  controlled  operation  of  the  spacecraft; 
and  (2)  Scientific  experiment  data  for  de- 

*Initial  tolerance  only,  regulation  was  better  than 
0.1  volt. 
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termining  environmental  survival  capabili- 
ties of  critical  spacecraft  components  (solar 
cells  and  silicon  diodes)  , as  well  as  estab- 
lishing radiation  environment  parameters  at 
orbital  altitudes.  A summary  of  the  channel 
requirements  is  shown  in  Table  6-1. 

Diagnostic  and  spacecraft  status  data 
included  information  associated  with  pow- 
er, thermal,  wideband-communication,  and 
tracking-and-command  subsystem  operation- 
al parameters.  These  were  voltages,  cur- 
rents, temperatures,  power  levels,  command 
verification,  battery  pressures,  and  telemetry 
calibration  signals.  The  form  of  this  data 
presented  to  the  encoder  was  exclusively 
high-level  analog,  with  the  signals  at  uni- 
form 0-to-5-volt  levels. 

Scientific  data  included  information  from 
experiments  that  determined  the  extent  of 


radiation  damage  to  various  types  of  solar 
cells  and  silicon  diodes,  and  from  particle 
detectors  that  measured  the  intensity,  direc- 
tion, and  type  of  radiation  encountered  by 
the  spacecraft.  Data  forms  included  analog, 
digital,  and  pulse  signals.  Analog  signals 
were  both  high  level  (0  to  5 volts)  and 
medium  level  (0  to  +200  mv),  while  the 
digital  signals  were  either  0 or  4 volts.  Pulse 
signals  were  specified  at  a maximum  input 
rate  of  100  kc  at  a minimum  amplitude  of 
5 volts. 

Telemetry  encoder  information  flow  re- 
quirements, as  established  by  detailed  analy- 
sis of  the  above  data  requirements,  are 
shown  in  Figure  6-4.  To  meet  the  accuracy 
requirements  and  to  provide  capability  for 
handling  the  quantity  and  various  forms  of 
data,  a time-multiplexed  PCM  system  was 


Table  6-1. — Relay  I Telemetry  Channel  Allocations 


Description 

Analog 

Digital 

bits 

Sampling  rate 

Words 

per 

second 

Bits 

per 

second 

High  level 
(0-5v) 

Medium  level 
(0-200  mv) 

Diagnostic  and  status 

Power  subsystem . 

-3 

1 sample  per  sec. 

3 

27 

17 

1 sample  per  64  sec. 

17/64 

153/64 

Thermal  subsystem. 

1 

1 sample  per  second 

1 

9 

11 

1 sample  per  64  sec. 

11/64 

99/64 

Wideband  communications 

subsystem.  _ . _ 

2 

1 sample  per  second 

2 

18 

12 

1 sample  per  64  sec. 

12/64 

108/64 

Tracking  and  command  subsystem. 

1 

1 sample  per  second 

1 

9 

6 

! 

1 sample  per  64  sec. 

6/64 

54/64 

Scientific  experiments 

Radiation  monitor  experiments 

113 

1 sample  per  second 

113/9 

113 

1 

1 sample  per  second 

1 

9 

4 

1 sample  per  64  sec. 

4/64 

36/64 

Radiation  effects  experiments 

32 

100  samples  per  32  sec. 

100 

900 

(includes  two  medium  level 

! 

calibration  channels) ... 

13 

1 sample  per  64  sec. 

13/64 

117/64 

Sun  aspect  indicator.  _ . __  _ 

6 

1 sample  per  second 

6/9 

6 

Miscellaneous  data 

Frame  sync  ~ ...  . 

27 

1 sample  per  second 

3 

27 

Subcommutator  identification ...  . . 

6 

1 sample  per  second 

6/9 

6 

Calibration  voltages  _ _ 

2 

1 sample  per  second 

2 

18 

1 sample  per  64  sec. 

1/64 

9/64 

Separation  signal  _ _ _ _ 

1 

1 

1 sample  per  second 

1/9 

1 

Totals  ... 

.74 

32 

153 

128 

1152 
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RELAY  - HIGH  RATE  DATA 
10  MEASUREMENTS 
(INCLUDING  TWO  REF.  VOLTS) 

EXP.  A THROUGH  F 
PULSE  DATA 

7 PULSE  TRAINS 
"EXP.  G 

SOLAR  CELL  RADIATION  DAMAGE 
SHORT  CIRCUIT  CURRENT  OF  30 
CELLS  OF  VARIOUS  TYPES  AND 
PROTECTION  PLUS  TWO 
REFERENCE  VOLTAGES. 

EXP.  H 

DIODE  RADIATION  DAMAGE 

6 DIODES 

TEMPERATURES  FOR  G & H 

8 MONITORS 

RELAY  MONITORS 

VOLTAGES 

CURRENTS 

TEMP.  50 

2 REF.  VOLT. 


SOLAR  ASPECT 
6 BIT  DIGITAL  DATA 


EXP.  A THROUGH  F 
DIGITAL  POSITION  DATA 
5 BITS 


SEPARATION  INDICATION 
(DIGITAL)  1 BIT 


r> 


7 LINES 


32  PAIRS 


64  LINES 


I 


10  LINES 


■N 

V 


TELEMETRY  ACCUMULATORS  - 108 
STAGES  IN  SEVEN  REGISTERS 
READ  OUT  AS  12-9  BIT  WORDS 
SUBMULTIPLEXER  #1 

32  CHANNELS  0-200  MV  (DIFFERENTIAL) 
AMPLIFIED  TO  45  VOLT  FULL  SCALE 

SUBMULTIPLEXER  #2 
64  CHANNELS  0+5 V 
FULL  SCALE  SINGLE  ENDED 

6 BIT  CODE  GENERATOR 
FOR  CHANNEL  IDENTIFICATION 

(THIS  CODE  WILL  ALSO  BE  USED 
FOR  IDENTIFICATION  OF 
SUBMULTIPLEXER  =1  CHANNEL) 


18  LINES 


NOTE:  BOTH  SUBMULTiPLEXERS  STEP 
ONE  CHANNEL  PER  MAIN 
MULTIPLEXER  FRAME 


12  LINES 


0 


108  Lines 
(1 2 Words) 


A 

V 


A 

V 


FRAME  SYNC  GENERATOR 
27  BITS 


10  ANALOG  GATES 
DATA  ROUTED  TO 
A-D  CONVERTER 

12  DIGITAL  GATES 
(9  BITS  EACH) 

1 ANALOG  GATE.  DATA 
ROUTED  TO  A-D 
CONVERTER.  THIS 
GATE  OPEN  FOR  100 
CONSECUTIVE  WORDS 

1 ANALOG  GATE.  DATA 
ROUTED  TO  A-D 
CONVERTER 


2 DIGITAL  GATES 
(9  BITS  EACH) 


3 DIGITAL  GATES 
(9  BITS  EACH) 


SPLIT  PHASE  NRZ-PCM 
TRAIN  TO  TRANSMITTER 
128  WORDS  PER  FRAME 
9 BITS  PER  WORD 
1 FRAME  PER  SECOND 
BIT  RATE  - 1152  PER  SEC 


Figure  6-4. — Telemetry  encoder  information  flow  diagram. 


chosen.  The  system  utilized  a word  format 
of  nine  bits  per  word. 

Functional  System  Description 

A block  diagram  of  the  system  configura- 
tion is  shown  in  Figure  6-5.  High  level  (0 
to  5 volts)  analog  signals  were  fed  through 
single-ended  transistor  commutator  switches 
to  a nine-bit  analog-to-digital  (A-D)  con- 
verter, while  medium  level  (0  to  200  mv) 
signals  were  fed  through  a differential 
commutator  and  amplifier  before  being  con- 
verted to  nine-bit  words  by  the  A-D  convert- 
er. Digital  signals  were  grouped  into 
nine-bit  words  and  presented  in  parallel  to 
transfer  registers  which  stored  the  informa- 
tion for  subsequent  serial  transmission. 
Pulse  signals  from  the  radiation  experiments 
were  counted  in  binary  accumulators  that 
were  sampled  periodically  and  multiplexed 
with  other  spacecraft  data. 

The  main  commutator  was  a 128-channel 
commutator  with  a time-slot  configuration, 


as  shown  in  Figure  6-6.  Of  particular  note 
is  that  100  of  the  128  time  slots  were  occu- 
pied by  one  channel  of  the  32-channel, 
medium-level  subcommutator.  This  super- 
commutation technique  was  a result  of  the 
high  sampling  rate  required  by  the  solar-cell 
experiment. 

The  solar-cell  experiment  consisted  of 
measuring  peak  voltage  outputs  of  solar  cells 
mounted  on  the  external  surface  of  the 
spacecraft.  With  the  orbiting  spacecraft 
spinning  at  approximately  150  revolutions 
per  minute,  this  sampling  technique  ensured 
the  measurement  of  peak  voltage  output  as 
the  cells  rotated  from  sunlight  to  darkness. 
This  experiment  could  be  used  also  as  an 
indirect  check  on  the  spin  rate  of  the  space- 
craft by  measuring  the  time  between  output 
voltage  peaks  of  a single  solar  cell. 

The  main  commutators  frame  rate  was  one 
frame  per  second,  while  the  subcommutators 
stepped  one  channel  per  revolution  of  the 
main  commutator. 
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Figure  6-5. — Telemetry  encoder  block  diagram. 


MAIN  MULTIPLEXER  TIME  SLOTS 


NOTE  1:  FIRST  SIX  BITS  OF  16  - SUBMULTIPLEXER  IDENTIFICATION 

LAST  THREE  BITS  OF  16  AND  FIRST  THREE  OF  17  - SUN 
ASPECT  BITS  4 - 8 OF  17  - DIGITAL  POSITION  FROM 
RADIATION  MONITOR  LAST  BIT  OF  17  - SEPARATION  SIGNAL 

NOTE  2:  A LL  DIGITIZED  ANA  LOG  INFORMATION  IS  TRANSMITTED 

MOST  SIGNIFICANT  BIT  FIRST. 

NOTE  3:  ALL  ACCUMULATOR  DATA  IS  TRANSMITTED  MOST 

SIGNIFICANT  BIT  FIRST. 

Figure  6-6. — Frame  timing  for  telemetry  encoder. 


Accumulators  were  divided  into  three  13- 
bit,  three  14-bit,  and  one  27-bit  binary 
counters.  The  14-  and  13-bit  accumulators 
counted  for  10  seconds,  after  which  input 
pulses  were  inhibited  and  the  fixed  parallel 
outputs  were  sampled  for  two  seconds  prior 


to  resetting  the  six  counters  in  preparation 
for  another  10-second  count.  The  27-bit  ac- 
cumulator operated  continuously,  whether 
the  prime  encoder  power  was  on  or  off.  Ac- 
cumulator inputs  were  derived  from  the 
radiation  monitor  experiments. 

The  five-volt  reference  source  was  used 
for  calibration  of  high-level  analog  channels 
on  the  main  and  64-channel  subcommutators. 
Calibration  voltages  for  the  medium-level 
subcommutator  were  supplied  from  radiation 
effects  experiments. 

System  Implementation  and  Performance 
Characteristics 

The  telemetry  encoder  embodied  solid 
state  circuitry  exclusively  to  accomplish  its 
functional  requirements.  Over-all  perform- 
ance characteristics  are  listed  in  Table  6-2. 

Basic  timing  for  the  encoder  was  derived 
from  a crystal-controlled  oscillator,  followed 
by  a chain  of  counters.  Outputs  of  the  count- 
ers were  used  to  drive  transistor  logic  gates, 
from  which  all  timing  requirements  were 
realized. 
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Table  6-2. — Encorder  Characteristics 


Output  code 
Frame  format. 
Word  format. 
Frame  sync_  _ 

Frame  rate—  _ 
Bit  rate.——  _ 
Output  signal 

Format — 

Output  level. . 


Output  impedance 

Clock  stability 

System  transfer  accuracy 
High-level  input  (0-5  v)  _ . _ 
Low-level  input  (0-200  mv) 
Main  multiplexer 

Total  channels 

Sample  rate 

Analog  inputs 

Channel  input  impedance.  . 

Back  current  during 

sample  period. 

Leakage  current  during 

non-sampling  period. 
Submultiplexer  No.  1 

Total  channels.  

Sampling  rate 


Analog  inputs 

Channel  input  impedance 

Back  current  during—. 

sample  period.  . 

Leakage  current  during.  

non-sample  period. 

Submultiplexer  No.  2 

Total  channels r_ 

Sample  rate 

Channel  input  impedance „ _■ 

Back  current  during  sample  period.. 

Leakage  current  during—.... 

non-sample  period. 

Input  power — 


128  words  per  frame 
9 data  bits  per  word 
Three  9-bit  words  (27  bits), 
adaptable  to  various  codes 
1 frame  per  second 
1152  bits  per  second 

Serial  split  phase  NRZ-PCM 
The  output  signal  consists  of 
two  voltage  levels  defined 
as  follows: 

Low  voltage  0 to  0.5  v 
High  voltage  3.5  v to  4.5  v 
5000  ohms 
0.01% 


±0.5%  over-all 
±1.0%  over-all 

128 

One  sample  per  second  for 
each  channel 
0-5  volts 

Analog:  1 megohm  minimum 
Digital : 100  kilohms  minimum 
0.25  microampere  maximum 

0.05  microampere  maximum 


32 

One  sample  per  32  seconds 
for  each  channel  supercom- 
mutated  to  100  channels  of 
main  commutator 
0 to  200  millivolts 
100  kilohms  minimum 
0.25  microampere  maximum 

0.05  microampere  maximum 


64 

One  sample  per  64  seconds 
for  each  channel 
1 megohm  minimum 
0.25  microampere 
0.05  microampere 

9.0  watts  maximum,  with  an 
input  voltage  range  of  24 


to  33  volts 


Mechanical  characteristics 

Weight 

Volume 

Operating  temperature  range. 


8 pounds 

140  cu.  in.  (approx.) 
— 20°C  to  + 60°C 


High-level  commutator  switches  were  sin- 
gle transistor  circuits  with  bootstrapping  to 
obtain  high  input  impedance.  Medium-level 
switches  were  matched  transistor  pairs  to 
reduce  differential  offset  voltages  to  values 
consistent  with  accuracy  requirements. 

The  output  of  the  medium-level  commu- 
tator was  fed  through  a differential  ampli- 


fier, that  had  a gain  of  25.  This  amplifier 
provided  both  a uniform  0-to-5-volt  signal 
to  the  main  commutator  and  60-db  common- 
mode rejection. 

Binary  counters  capable  of  operating  at 
rates  of  100  kc  were  utilized  as  pulse  ac- 
cumulators. 

A PDM  keyer  and  a pulse  counter  to  con- 
vert 0-to-5-volt  analog  signals  to  a nine-bit 
word  were  included  in  the  A-D  converter. 
A significant  feature  of  the  converter  design 
was  that  dc  voltage  drifts  and  offsets  in  the 
system  were  corrected  automatically  for  each 
word.  This  jvas  accomplished  by  sampling 
a zero  correction  voltage  before  sampling 
the  analog  signal.  The  offset  from  true  zero 
was  subtracted  from  the  encoded  output. 

Frame  synchronization  utilized  a 27-bit 
truncated  pseudo-random  code.  This  code 
occupied  the  first  three  word  slots  of  the 
main  commutator.  Subcommutator  channels 
were  identified  by  a six-bit  code  derived  from 
the  divide-by-64  counter  used  to  drive  the 
subcommutator  channel  selection  matrix. 
Subcommutator  identification  was  transmit- 
ted once  for  each  revolution  of  the  main 
commutator. 

A dc-to-dc  converter  was  also  included  in 
the  telemetry  encoder  to  supply  the  neces- 
sary regulated  voltages  from  the  unregulated 
bus. 


Physical  Characteristics 

The  unit  contained  a total  of  5600  sub- 
miniature components  and  utilized  a cord- 
wood  construction  packaging  technique  with 
printed  boards.  This  technique  made  possi- 
ble a significant  reduction  in  volume  result- 
ing in  a unit  of  less  than  140  cubic  inches. 
The  final  unit  was  completely  encapsulated 
in  a silicone  rubber  compound  for  high  re- 
sistance to  shock  and  vibration.  A picture 
of  the  complete  unit  prior  to  encapsulation 
is  shown  in  Figure  6-7.  The  weight  of  the 
potted  unit  was  8 pounds. 

Reliability 

Due  to  the  telemetry  encoder’s  complexity 
and  spacecraft  physical  constraints,  no  re- 
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Figure  6-7 .^Telemetry  encoder. 


dundancy  was  used  in  the  design.  In  order 
to  achieve  reliability  goals,  preferred  com- 
ponent parts  for  space  applications  were 
used  along  with  a stringent  pre-conditioning 
program.  The  calculated  mean-time-before- 
failure was  10,500  hours  considering  all 
parts  in  series  and  in  continuous  operation. 

THE  RELAY  I TELEMETRY  TRANSMITTER 
Introduction 

The  following  paragraphs  describe  the  de- 
velopment, design  and  construction  of  an 
all -solid -state,  phase -modulated,  telemetry 
transmitter  used  in  the  Relay  I telemetry 
system.  The  system  employs  pulse  code  mod- 
ulation which  results  in  a PCM/PM  trans- 
mission, and  yields  a transmitted  signal  of 
high-order  frequency  stability  with  a mini- 
mum of  transmitter  input  power. 

Transmitter  output  frequencies  are 
136.140  and  136.620  megacycles.  Power  out- 
put is  a minimum  of  250  milliwatts  for 
supply  voltages  of  24  to  33  volts  and  200 
milliwatts  minimum  at  22  and  35  volts. 
Power  input  is  specified  as  2.0  watts  at  28 
volts. 


The  transmitter  developed  to  meet  this 
specification  is  shown  in  block  diagram  form 
in  Figure  6-8.  Specification  highlights  ap- 
pear in  Table  6-3. 

Development  Program 

General 

Originally  it  was  planned  that  the  telem- 
etry transmitter  for  Project  Relay  would 
consist  of  an  off-the-shelf  unit  chosen  be- 
cause of  compatible  performance  character- 
istics and  successful  completion  of  a field 
test  program.  A number  of  vendors  were 
contacted  concerning  their  products.  A tab- 
ular list  of  the  performance  obtainable  and 
the  field  history  of  each  unit  was  made. 

A review  of  the  data  indicated  that  none 
of  the  available  equipment  would  operate 
over  the  specified  wide  range  of  supply  volt- 
ages while  meeting  the  specified  power  input 
requirements.  Furthermore,  most  available 
equipment  did  not  meet  MIL-I-26600  with 
regard  to  antenna  conducted  interference 
without  using  an  additional  RF  filter. 

Results  of  this  survey  and  specification 
changes  necessary  to  permit  procurement  of 
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Figure  6-8.— Relay  telemetry  transmitter  block  diagram. 


Table  6-3. — Transmitter  Specification  Highlights 


Frequency 

136.140  Me  and  136.620  Me 

Frequency  stability  _ _ 

± .003%,  -10°C  to  +35°C 

Power  output.  __ 

200  milliwatts  min.,  22v  and  35v 
250  milliwatts  min.,  24v  to  33v 

Modulation-phase 

120°  to  150°  for  modulation  rates  of  600-1200 
cps  and  inputs  of  0.0  ± 0.5  volts  for  mark 
and  +3.3  to  +5.0  volts  for  space 

Spurious  RF  output- _ 

74  db  down  minimum 

Power  input 

2.0  watts  maximum  at  28v 

Supply  voltage 

+ 24  to  +33  specified  operation 
+22  and  +35  Limited  performance 

Weight 

2.0  lb.  Maximum 

Size  transmitter  - _ _ _ * 

4.01  X 4.031  X 1.26 

Transmitter  set 

4.01  X 4.031  X 2.45  (not  including  flanges  and 
plug  protrusions) 

an  off-the-shelf  transmitter  were  evaluated. 
After  consideration  of  all  factors  involved, 
it  was  decided  that  a new  transmitter  should 


be  developed,  tailored  to  the  needs  of  the 
Relay  I spacecraft. 

It  was  recognized  initially  that  obtaining 
the  necessary  efficiency  of  the  driver  and 
power  amplifier  was  the  most  difficult  prob- 
lem to  overcome.  Further,  variation  charac- 
teristics of  the  supply  voltage  were  not 
optimum  for  suitable  transistors  available 
in  this  frequency  range  and  power  output 
level.  Therefore,  a design  program  of  the 
following  two  parallel  approaches  was  initi- 
ated. 

The  first  approach  consisted  of  using 
2N1493  silicon  mesa  transistors  in  a conven- 
tional, Class  C,  driver-PA  configuration.  In 
this  approach  the  problem  concerned  obtain- 
ing suitable  operating  conditions  over  the 
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required  range  of  operating  voltages.  Since 
the  2N1493  operates  with  higher  supply 
voltages,  operation  could  not  be  guaranteed, 
at  that  time,  at  lower  power  supply  voltages. 
Conversely,  transistors  such  as  2N706  and 
2N743  cannot  withstand  a supply  voltage 
of  22  to  35  volts  without  adding  dropping 
resistors  to  dc-to-dc  converters.  Voltage 
conversion  would  have  resulted  in  intoler- 
able power  losses. 

Accordingly,  an  alternate  scheme  for  the 
driver  and  power  amplifier  was  tried  in 
which  dc  parameters  of  the  two  were  in 
series  while  ac  circuits  were  in  cascade. 
Figure  6-9  shows  how  such  an  arrangement 
was  made  and  compares  with  selected  cir- 
cuits. Thus,  the  entire  voltage  of  the  power 
supply  was  utilized  without  extensive  volt- 
age dropping  networks  or  power  conversion 
circuitry. 

Along  with  the  plan  to  solve  the  most 
critical  problem,  that  of  the  driver-PA,  a 
parallel  effort  was  started  to  design  the 
oscillator  and  modulator  section  as  well  as 
the  multiplier  driver  and  X4  multiplier  sec- 
tion of  the  transmitter.  Performance  data 
was  summarized  daily  to  establish  a final 


Figure  6-9. — Alternate  and  selected  driver  and 
power  amplifier  circuits  for  telemetry  transmitter. 


approach  to  the  driver-PA  configuration  and 
to  determine  the  possibility  of  ultimately 
meeting  the  specification. 

Data  taken  bn  two  types  of  driver-PA 
configurations  is  shown  in  Table  6-4.  Note 


Table  6-4' — Breadboard  Transmitter  Performance 


Alternate  driver— PA 


E supply 
volts 

I Supply 
ma. 

Pin 

watts 

Power  output 
mw 

22 

62.0 

1.30 

200 

28 

77.0 

2.15 

330 

33 

92.0 

3.04 

340 

Selected  driver — PA 


22 

46 

1.01 

220 

28 

68 

1.91 

350 

33 

74 

2.44 

420 

that  2N1493’s  yielded  the  desired  perform- 
ance and  represented  circuit  simplification 
over  the  2N743  approach.  In  addition,  the 
circuit  was  inherently  more  reliable,  since  a 
parallel  application  of  supply  voltage  was 
better  than  a stabilized  series  circuit.  The 
alternate  scheme  also  depended  on  using 
zener  diodes  to  stabilize  operating  points. 
Zeners  consumed  power  and  consequently 
lowered  the  circuit  efficiency.  Figure  6-10  is 
a block  diagram  of  the  breadboard  circuit. 
This  was  the  basis  from  which  the  proto- 
type transmitter  was  developed. 

Oscillator 

A grounded-base  2N1493  circuit  was  se- 
lected for  the  oscillator.  This  circuit  em- 
ployed a third-overtone  crystal  as  the 
stabilizing  feedback  element  from  collector 
output  tuner  circuit  to  emitter.  The  crystal 
selected  was  a glass  encased  unit  chosen  for 
high  accuracy  of  initial  finishing  tolerance, 
broad  turning  point  (±.0005%  drift  maxi- 
mum over  a temperature  range  of  —10°  to 
+60°C),  and  low  aging.  Oscillator  output 
had  to  be  loosely  coupled  to  the  phase  modu- 
lator to  reduce  phase  modulation  of  the 
oscillator  itself  and  resultant  spurious  trans- 
mitter outputs. 
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Figure  6-10. — Breadboard  telemetry  transmitter. 


Phase  Modulator 

The  phase  modulator  circuit  consisted  of 
a varactor  diode  acting  in  series  resonance 
with  a fixed  inductance.  Modulation  varied 
the  bias  applied  to  the  varactor  diode,  thus 
changing  the  tuned  circuit  resonance  curve. 
This  resulted  in  a linear  phase  shift. 

Buffer  Amplifier  and  Multiplier 

Output  of  the  phase  modulator  drove  a 
buffer  amplifier  which  increased  the  power 
level  to  about  250  milliwatts  at  34  Me.  Out- 
put of  the  buffer  drove  the  varactor  X4 
multiplier. 

Filter  Power  Amplifier 

A three-pole  LC  synchronous  filter  fol- 
lowed the  X4  multiplier,  and  is  used  to  at- 
tenuate adjacent  harmonic  outputs  of  the 
multiplier  (X3  and  X5) . Filter  output 


drove  an  RCA  type  34289  (high  gain  2N1493 
at  24  v)  UHF  driver-amplifier  that  employs 
a combination  of  fixed  and  self -biasing.  Out- 
put of  the  driver-amplifier,  in  turn,  drove 
the  34289  class  C power  amplifier  achieving 
an  RF-output-to-collector-input  efficiency  of 
about  60  percent  at  the  300  milliwatt  level. 

Output  Circuit 

A two-section  low-pass  filter  was  used  to 
reduce  second  and  higher  order  harmonics 
which  were  generated  in  the  power  output 
stage.  A diode  rectifier  connected  to  the  trans- 
mitter output  provided  power  output  indica- 
tion which  was  fed  as  a signal  to  the  telem- 
etry system  encoder. 

Signal  Processing 

Modulation  input  to  the  transmitter  was 
clamped  at  +0.5  and  +3.3  volts.  Clamping 


140 


RELAY  I— PART  I 


at  these  levels  provided  additional  limiting 
which  further  increased  system  reliability. 
Initially  a 0 to  2.0-volt  input  was  specified, 
but  this  resulted  in  an  input  impedance  that 
was  too  low  for  system  applications. 

Regulators 

Finally,  a series  regulator  circuit  controlled 
the  drive  over  the  input  supply  voltage  range 
of  24  to  35  volts  to  keep  the  transmitter 
within  the  2.0  watt  input  power  limit.  (Fig- 
ure 6-11). 

Lead  Filters 

Power  leads  as  well  as  modulation  input 
and  test  point  output  leads  were  filtered  by 
Allen  Bradley  Type  SMFO-1  filters.  This  unit 
was  essentially  a ceramic  feedthrough  capac- 
itor with  a ferrite  bead  that  acted  as  a low 
resistance  at  radio  frequencies.  The  ac  re- 
sistance of  the  bead  and  the  capacitor  formed 
a filter  that  had  the  inherent  ability  to  ex- 
tend filtering  action  to  cover  high  order  har- 
monics. 

Temperature  Monitoring 

A thermistor  was  used  to  sense  tempera- 
ture on  the  case  of  the  transmitter. 

Mechanical 

Flight  model  telemetry  equipment  con- 
sisted of  two  transmitters  that  were  identical 
except  for  frequency.  These  were  mounted 
together  with  a common  center  cover  plate, 
a top  cover  for  the  upper  transmitter,  and 
a bottom  cover  for  the  lower.  The  bottom 
cover  also  served  as  a mounting  plate.  This 
mechanical  arrangement  permitted  both 
transmitters  to  be  mounted  in  the  spacecraft 
with  a minimum  of  weight  and  volume. 

The  individual  transmitter  chassis  was 
compartmentized  and  fabricated  of  dip- 
brazed  aluminum.  This  type  of  construction 
was  chosen  for  minimum  weight  and  good 
heat  conduction. 

Point-to-point  wiring  using  pressed  and 
soldered  ground  lugs,  and  teflon  insulated 
feedthrough  terminals  formed  the  basis  of 
secure  mounting  points  for  the  components. 
Point-to-point  wiring  was  an  effective  expe- 


dient which  permitted  maximum  flexibility 
to  accommodate  the  changing  requirments  of 
the  program. 

Transistors  were  mounted  on  the  chassis 
by  passing  their  leads  through  the  teflon- 
insulated  feedthrough  terminals.  A beryl- 
lium oxide  washer  was  used  to  insulate  the 
transistor  case  from  the  chassis  and,  at  the 
same  time,  to  permit  good  heat  flow  from 
the  transistor  case  to  the  metal  chassis.  The 
washer  and  transistor  cases  were  further 
secured  by  use  of  an  epoxy  resin.  No  failures, 
in  either  qualification  tests  (vibration,  accel- 
eration, and  thermal  vacuum)  or  acceptance 
tests,  were  attributed  to  mechanical  damage 
or  thermal  failure. 

The  remaining  components  and  wires  were 
selectively  potted  with  epoxy  resin.  This 
technique  saved  weight  by  reducing  moisture 
retention,  a fault  of  complete  encapsulation. 

The  Allen  Bradley,  Type  SMFO-1,  RF  line 
filters  required  extreme  care  in  mounting. 
A special  mounting  bar  was  designed  which 
permitted  assembly  (soldering  the  filter  into 
the  mounting  bar)  in  a special  fixture.  The 
fixture  held  the  filters  in  alignment  without 
mechanical  strain  while  heat  was  applied. 
This  special  mounting  bar  could  be  removed 
from  the  transmitter  for  easy  filter  replace- 
ment. 

The  covers  for  the  transmitter  had  finger 
stock  soldered  to  the  edges  which  minimized 
RF  leakage. 

Major  Problems 

After  product  design  began,  following  the 
breadboard  phase,  the  problem  of  obtaining 
transistors  with  high-gain  at  22  and  24  volts 
and  139  Me  presented  itself.  A power  gain 
of  7 to  10  db  minimum  was  required  of  the 
driver  and  power  amplifier.  Part  of  the  solu- 
tion to  this  problem  was  a change  in  design 
concept  of  the  coils  which  were,  for  the  most 
part,  fixed-tuned.  Tunable  coils,  as  well  as 
trimmers,  permitted  more  flexibility  in 
matching  the  impedance  variations  at  these 
low  voltages. 

The  second  part  of  the  solution  consisted 
of  developing  a transistor  test  fixture.  Selec- 
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tion  of  2N1493  transistors  in  this  test  circuit 
produced  a yield  of  almost  50  percent  and 
resulted  in  obtaining  transistors  which 
matched  the  transmitter  range  of  circuit  im- 
pedance at  low  voltages  and  possessed  suffi- 
cient power  gain  at  137  Me. 

Another  design  problem,  which  required 
considerable  effort,  was  that  of  minimizing 
the  reaction  of  the  phase  modulator  on  the 
crystal  oscillator.  The  reflections  of  the  phase 
modulator,  when  modulation  was  applied, 
fed  back  to  the  oscillator  resulting  in  an  un- 
stable condition.  As  a result,  more  isolation 
was  required  between  the  oscillator  output 
and  the  buffer  amplifiers  associated  with  the 
phase  modulator. 

The  reduced  drive  made  it  mandatory  to 
optimize  the  efficiency  of  the  multiplier  and 
reduce  to  a minimum  the  insertion  loss  of 
the  bandpass  filter  which  allows  the  mul- 
tiplier. 

Early  in  the  design  phase  it  became  appar- 
ent that  higher  order  harmonics  generated 
in  the  driver  and  power  amplifier  section  of 
the  transmitter  would  not  be  sufficiently  at- 
tenuated to  meet  MIL-I-26600  antenna-con- 
ducted interference,  requirements.  Accord- 
ingly, a two-section,  low-pass,  0.5  db  inser- 
tion loss  output  filter  was  designed.  This 
caused  a power  decrease  of  approximately  20 
percent  which,  when  multiplied  by  a factor  of 
two  to  allow  for  the  efficiency  of  the  driver 
and  power  amplifier,  required  a transmitter 
power  input  of  more  than  the  design  goal  of 
1.5  watts  at  28  volts. 

The  transmitter  design,  in  fact,  could  not 
at  first  meet  the  required  200  milliwatts  out- 
put at  22  volts  and  stay  within  the  power 
input  requirement  of  2.0  watts  at  28  volts. 
Certain  selected  transistors  could  be  used  to 
accomplish  this ; however,  the  selection  would 
have  resulted  in  a very  low  yield.  Test  data 
showed  that  power  output  (and  correspond- 
ing power  input)  could  be  obtained  by  lim- 
iting the  drive  to  the  output  stages  of  the 
transmitter.  Accordingly,  a series  voltage 
regulator  (see  Figure  6-11)  was  designed  to 
regulate  the  drive-governing  circuits  and 
also  minimize  loss  of  power  above  the  point 


Figure  6-11. — Final  regulator  circuit  added 
to  transmitter. 


of  regulation  (22  volts) . 

A minor  problem  was  that  of  poor  signal- 
to-noise  ratio.  It  was  found  that  zener  diodes, 
used  to  establish  voltage  references,  were 
apt  to  cause  a relatively  large  amount  of 
noise.  Additional  RC  filtering  of  the  zener 
diodes  feeding  sensitive  points  remedied  this 
problem.  Figure  6-12  shows  the  points  of 
additional  filtering  required  to  reduce  the 
noise  modulation  caused  by  the  zener  diodes. 

Another  major  problem  encountered  early 
in  the  design  concerned  measurement  of 
phase  deviation  with  square-wave  displace- 

(A)  REGULATOR  Q6  Q7 
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ment.  The  most  convenient  method  of  phase 
measurement  makes  use  of  the  principle  that 
a sinusoidal  phase  modulation  produces  a 
peak  deviation  identical  to  that  of  FM.  The 
formula,  f=Mp  times  the  modulating  fre- 
quency, is  used  to  express  the  relationship 
/=peak  deviation  from  mean  carrier  fre- 
quency and  Mp=peak  phase  shift  in  radians) . 
This  relationship  makes  phase  modulation 
measurement  simple,  and  an  FM  deviation 
meter  such  as  the  Marconi  791D  can  be  used. 

The  relationship,  however,  does  not  hold 
for  square-wave  modulation.  Two  other 
means  can  be  used,  however.  One  method  is 
to  employ  a phase-lock  receiver  with  a cali- 
brated phase  detector,  and  make  a compari- 
son of  shifted  signals  with  the  phase-lock 
carrier,  as  shown  in  Figure  6-13.  The  other 
method  uses  a spectrum  analyzer,  with  Bes- 
sel zero  analysis.  Since  it  was  found  desir- 
able to  use  the  phase-lock  receiver  not  only 
to  measure  phase  shift,  but  also  to  observe 
the  demodulated  transmitter  output,  the 
phase-lock  receiver  test  setup  that  was  used 
is  shown  in  Fgure  6-14. 

The  transmitter  deviations  were  measured 


Figure  6-13. — Phase  comparison. 


using  this  receiver  prior  to,  during,  and  after 
qualification  testing.  Shortly  after  the  quali- 
fication tests  were  completed,  the  transmit- 
ters were  checked  at  Goddard  Space  Flight 
Center  for  compatibility  with  the  ground 
receivers.  Phase  calibration  between  Goddard 
and  RCA  was  compared,  and  results  agreed 
to  within  2°.  The  tests  did  reveal,  however, 
that  the  demodulated  waveshape  showed  evi- 
dence of  poor  low  frequency  response.  This 
was  subsequently  traced  to  audio  feedback 
to  the  oscillator  circuit,  and  subsequent  fur- 
ther decoupling  of  the  oscillator  circuit  elim- 
inated this  trouble. 

During  qualification  tests,  the  spurious  out- 
put of  the  transmitters  at  frequencies  below 
the  transmitter  center  frequency  was  not 
down  by  74  db  as  required.  Tests  disclosed 
that  these  frequencies  (68  Me  and  103  Me) 
appeared  on  the  — B line  via  a ground  loop 
in  the  X 4 varactor-multiplier  bypass  return 
(see  Figure  6-12),  These  frequencies  then 
passed  through  the  RF  amplifier  and  the  low 
pass  filter  to  the  antenna.  Removal  of  the 
coupling  path  resulted  in  bringing  the  output 
to  specified  levels. 

A preliminary  integration  with  the  gating 
circuits  of  a simulated  spacecraft  command 
control  box  was  made.  The  tests  verified  that 
the  modulation  input  of  the  transmitter  was 
compatible  with  the  preliminary  control  box 
units. 

Qualification  vibration  tests  revealed  diffi- 
culty in  one  component  attachment  : a coil 
lead  on  one  transmitter  broke.  The  coil  was 
potted,  retested  and  passed.  Previously,  this 
component  had  not  been  potted. 

Flight  Model  Program 

The  transmitter  output  sensing  circuit  was 
changed  during  the  course  of  the  flight  model 
program.  Originally,  it  was  conceived  that 
this  signal  was  to  be  within  the  limits  of 
0 to  5 volts  at  a power  supply  voltage  of  28 
volts.  Since  the  outputs  of  the  power  output 
and  voltage  sensors  of  most  transmitters 
were  near  5 volts  with  a 28-volt  supply  volt- 
age, sensor  outputs  of  over  5 volts  were  ex- 
perienced at  33  and  35  volts.  Figure  6-15 
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Figure  6-14. — Laboratory  phase  lock  receiver. 


shows  the  circuit  before  and  after  the  modi- 
fication made  to  reduce  this  output  voltage. 

It  was  also  discovered  at  this  time  that 
this  circuit  caused  the  generation  of  second 
harmonics  which  affected  antenna  conducted 
interference.  While  rearranging  the  circuits 
for  reducing  voltage,  the  diode  and  resistors 
were  also  rearranged  to  control  the  second 
harmonic  output.  After  this  modification, 
the  second  harmonic  output  of  all  transmit- 
ters was  down  by  74  db  or  better. 

A circuit  change  was  incorporated  during 
the  flight  model  program  to  facilitate  produc- 
tion. Some  units  emitted  spurious  outputs 
at  frequencies  relatively  close  to  the  center 
frequency  while  other  units  did  not.  These 
outputs  were  traced  to  regeneration  due  to 
feedback  between  the  high-level  stages  (Q4 
and  Q5)  and  the  low-level  stages.  Additional 
filtering  in  the  form  of  a resistor  corrected 
this  condition  and  did  not  affect  other  per- 
formance characteristics. 


The  summary  of  data,  from  tests  of  the 
revised  prototype  model  and  dual  flight  mod- 
els, indicates  the  capability  of  the  circuit 
(refer  to  Tables  6-3  and  6-4).  Table  6-5 
summarizes  the  antenna  conducted  RFI,  and 
indicates  that  the  units  met  this  requirement 
with  only  a minor  deviation.  Table  6-6 
shows  power,  output  supply  voltage,  and 
power  input. 

The  specified  stability  for  the  telemetry 
transmitter  is  ±.003  percent  with  tempera- 
ture range  of  —10°  to  -f-35°C.  The  design 
goal  was  ±.0015  percent  over  the  tempera- 
ture range  of  — 10°C  to  -j-35°C,  and  with 
supply  voltage  variations  of  24  to  33  volts. 

An  additional  design  goal  was  to  hold 
stability  to  ±.0015  percent  drift  maximum 
(in  addition  to  drift  caused  by  temperature 
and  voltage  variation)  for  a period  of  1 year. 
Table  6-7  shows  frequency  variations  meas- 
ured in  the  prototype  tests  to  +60°C.  Table 
6-8  lists  frequency  error  measurements  of 
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(A)  BEFORE  MODIFICATION 


AFTER  MODIFICATION 


Figure  6-15. — Test  point  circuit. 


Table  6-5. — Spurious  RF  Outputs  From  Project  Relay 
Telemetry  Transmitters 


Assy. 

No. 

Trans. 

No. 

/ 

/ 

3/ 

5/ 

3/ 

7/ 

2/ 

3/ 

4 

2 

4 

4 

2 

4 

1 

1 

82.5 

87 

91 

87 

79 

79 

1 

2 

87 

89 

80 

85 

70 

80 

2 

3 

93 

83 

81 

90 

67 

74 

2 

4 

91 

82 

72 

83 

72 

77 

3 

5 

89 

89 

77 

86 

102 

74 

77 

3 

6 

88 

75  i 

74 

83 

98  : 

80 

78 

4 

7 

93 

84 

78 

89  1 

98 

102 

67 

83 

4 

8 

83 

96  ! 

74 

74 

102  1 

102  1 

79 

81 

5 

9 

108 

78 

88 

80 

95 

68  j 

75 

5 

10 

93 

86  1 

79 

81 

98 

81 

76 

Note:  All  values  shown  are  in  db  and  relative  to  desired  transmitter 
output. 


10  transmitters  before  and  after  environ- 
mental tests.  This  data  indicates  that  the 
requirement  of  .0015  percent  drift  stability 


with  supply  voltage  and  temperature  was 
met. 

A capacitor  from  the  base  of  the  power 
output  transistor  (C52)  to  ground  was  found 
to  improve  efficiency  at  Table  6-9  shows. 
This  change  was  made  on  all  units. 

A problem  was  noted  in  phase  modulation 
distortion  and  has  since  been  observed  on 
other  FM  transmitters  employing  reactance 
modulated  crystal  oscillators.  This  was  the 
effect  of  the  oscillator  tending  to  oscillate  in 
spurious  modes  near  the  desired  crystal 
mode.  Since  there  is  a reaction  on  the  crystal 
oscillator  from  the  phase  modulator,  perhaps 
the  oscillator  may  be  pulled  in  frequency 
momentarily.  If  a suprious  mode  is  present 
and  not  attenuated  from  the  main  mode  of 
oscillation,  the  oscillator  will  tend  to  jump, 
particularly  when  modulation  is  applied. 
Two  crystals  were  found  to  possess  spuri- 
ous modes  of  operation  sufficiently  close  in 
frequency  to  the  desired  mode  to  cause  a 
phase  modulated  output.  The  crystal  manu- 
facturer verified  the  existence  of  spurious 
modes  in  the  first  crystal  returned  for  analy- 
sis. Additional  crystal  tests  were  specified 
to  eliminate  such  crystals. 

System 

Two  systems  integration  problems  occur- 
red with  the  telemetry  transmitters.  The 
first  problem  occurred  when  the  charging 
current  of  the  tantalum  filter  capacitor 
(C23)  in  the  transmitter  caused  a trans- 
mitter failure  in  the  control  box.  The  peak 
charging  current,  at  the  instant  the  unit  was 
turned  on,  was  too  great.  It  was  decided  to 
insert  a limiting  resistance  in  series  with 
the  filter  capacitor. 

The  second  problem  was  discovered  in  fur- 
ther integration  tests.  Occasionally  the  test 
receiver  could  not  lock  onto  the  transmitter 
output.  It  was  found  that  the  control  circuit 
gates  were  providing  pulses  exceeding  five 
volts  in  amplitude.  This  caused  a phase  de- 
viation greater  than  150°  which  caused  the 
receiver  to  fall  out  of  lock.  The  sensitivity 
of  the  transmitter  was  reduced  to  provide 
a compatible  system  (refer  to  Table  6-10). 
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Table  6 S— Power  Output  and  Power  Input  as  Functions  of  Supply  Voltage  and  Temperature  in  Acceptance  Tests 


Transmitter 
assy.  § 

Transmitter 

§ 

M 

Po  22v 
milli- 
watts 

in  power  outpi 

Po  24v 
milli- 
watts 

Lit 

Po  28v 
milli- 
watts 

Max  Pin 
24v  watts 

Max  Pin 
28v  watts 

I line  ma 

1 

1 

223 

250 

300 

1.20 

1.58 

56.5 

1 

2 

200 

252 

310 

1.44 

1.81 

64,6 

2 

3 

207 

290 

370 

1.49 

1.88 

67.2 

2 

4 

205 

270 

320 

1.44 

1.91 

68.2 

3 

5 

215 

252 

320 

1.46 

1.96 

70.0 

3 

6 

205 

260 

360 

1.44 

1.80 

64.3 

4 

7 

230 

278 

350 

1.44 

1.91 

68.2 

4 

8 

225 

270 

320 

1.34 

1.71 

61.0 

5 

9 

228 

290 

350 

1.49 

1.91 

68.2 

5 

10 

210 

264 

320 

1.25 

1.63 

58.2 

Table  6-7. — Maximum  Frequency  Variations  for  Project  Relay  Prototype  Telemetry  Transmitters 


From 

% A/ 

A/ at 

% A/ 

A/ at 

% A/ 

A/ 

%x/ 

nominal 

from 

-10°  c 

at 

+35°  C 

at 

at 

at 

Set  # 

fn  at 

28v+25°C 

nominal 

altern. 

o 

0 

o 

altern. 

+35°C 

+60°C 

+60° 

1 

-1113 

.00081 

+ 1129 

.00082 

-138 

.0001 

-379 

.00028 

2 

-550 

.0004 

+592 

.00043 

-349 

.00025 

+810 

.00059 

Table  6-8. — Maximum  Frequency  Variations  for  Project  Relay  Telemetry  Transmitters 


Telemetry 
set  No. 

Xmtr 

No. 

A / from 
nominal 
eps 

% A/ 
from 
nominal 

Maximum  eps 
frequency 
drift  during 
acceptance 
test 

Maximum  % 
frequency 
drift  during 
acceptance 
test 

Frequency 
from  nominal 
after  environ, 
acceptance 
test  (cps) 

% Frequency 
difference 
between  acc. 
and 

environmt. 

Time  period 
between 
accept,  test 
and  final 
after 

environmt. 

1 

1 

+ 184 

.00013 

+ 1254 

.00092 

1 

2 

+353 

.00026 

+ 1116 

.00085 

2 

3 

- 39 

.00003 

- 165 

.00012 

-174 

.00013 

9 days 

2 

4 

-100 

.00007 

+ 631 

.00046 

-236 

.00010 

9 days 

3 

5 

- 23 

.00002 

— 327 

.00024 

- 75 

.00004 

9 days 

3 

6 

+ 69 

.00005 

+1327 

.00096 

- 98 

.00012 

9 days 

4 

7 

+260 

.00019 

+ 1380 

.00110 

-484 

.00054 

32  days 

4 

8 

+ 152 

.00011 

+ 1072 

.00078 

-433 

.00043 

32  days 

5 

9 

+ 10 

+ 1226 

.00040 

- 30 

.00003 

38  days 

5 

10 

- 5 

1 

+ 531 

.00039 

. 

- 20 

.00002 

38  days 
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Table  6-9. — Power  Amplifier  Efficiency  Improvement  Data 


No  capacitor  base 
to  ground 

20uu  base  cap.  added 

Trans. 

# 

Vdc 

(ma) 

(mw) 

Col. 

*c 

(ma) 

(mw) 

Col. 

Eff.(%) 

Change 
in  gain 
(db) 

119 

22 

33 

325 

44.8 

19 

264 

63 

- .90 

28 

50 

505 

36.0 

27 

426 

56.4 

- .75 

113 

22 

34 

325 

43.5 

16 

246 

70.0 

— 1.20 

28 

52 

525 

36.0 

24 

448 

65.2 

- .70 

116 

22 

28 

314 

51.0 

17 

246 

66 

-1.00 

28 

40 

494 

44.0 

26 

460 

63.2 

- .32 

128 

22 

28 

302 

49.0 

18 

235 

59.3 

-1.10 

28 

51 

570 

40.0 

28 

404 

51.4 

-1.50 

118 

22 

27 

280 

47.1 

19 

246 

58.9 

- .56 

28 

52 

515 

35.3 

26 

393 

54.0 

-1.10 

102 

22 

33 

325 

44.7 

15 

224 

67.8 

-1.60 

28 

49 

515 

37.5 

24 

436 

65.0 

- .70 

107 

22 

33 

246 

34.0 

18 

224 

56.6 

- .40 

28 

49 

570  ; 

41.5 

26 

370 

50.9 

-1.90 

No# 

22 

33 

280  i 

55.4 

15 

224 

68.0 

-1.00 

No# 

28  | 

35 

481 

49.0 

22 

415 

67.3 

- .65 

115 

22 

28 

281 

45.7 

18 

247 

62.5 

-1.30 

28 

50 

571 

40.8 

25 

381 

54.5 

-1.70 

101 

22 

34 

291 

38.9 

20  ! 

246 

56.0 

- .70 

28 

54 

505 

33.5 

27 

380 

50.3 

-1.20 

123 

22 

33 

325 

44.7 

17 

235 

63.0 

-1.40 

28 

51 

550 

38.5 

27 

470 

62.4 

- .70 

Table  6-10. — Transmitter  Deviation  Data 


Transmitter  # 

Low 

High 

Variation 

maximum 

1 

122° 

150° 

28° 

2 

120° 

146° 

26° 

3 

120° 

142° 

22° 

4 

120° 

148° 

28° 

5 

122° 

140° 

18° 

6 

120° 

144° 

24° 

7 

126° 

148° 

22° 

8 

120° 

140° 

20° 

9 

125° 

144° 

19° 

10 

126° 

150° 

24° 

Limits  set  at  120°  to  150°. 


THE  TT&C  ANTENNA  SYSTEM 
Description  of  Unit 

A block  diagram  of  the  antenna  system 
for  the  telemetry  and  command  is  shown  in 
Figure  6-16.  The  radiators  consisted  of  four 
whips  equally  spaced  in  a truncated  cone  ar- 
rangement of  60-degrees  apex  angle,  mounted 
at  the  base  of  the  spacecraft.  For  the  148- 
Mc  command-receive  function,  the  four  whips 
were  fed  in-phase  to  create  a linearly-polar- 
ized pattern.  For  the  136-Mc  telemetry 


136.140  Me 


Figure  6-16.^ — TT&C  antenna  system,  block  diagram. 

function,  the  whips  were  fed  as  a modified 
turnstile,  with  counter-clockwise  phase  pro- 
gression for  one  tranmitter  and  clockwise 
for  the  other.  Radiation  patterns  were  pre- 
dominantly circularly  polarized,  and  the  two 
transmitters  were  isolated.  Simultaneous 
match  for  the  two  frequency  regions  was  ob- 
tained by  a proper  configuration  of  whip 
length,  selected  cable  lengths,  and  adjusted 
open-circuit  stubs. 

The  TT&C  antenna  system  consisted  of : 

1.  Four  whip  elements 

2.  One  3-db  directional  coupler 

3.  Two  baluns 

4.  A cable-harness  assembly  consisting  of 
ten  coaxial  tees  and  twenty-five  cables. 

A photograph  of  this  network  feeding  sys- 
tem is  shown  in  Figure  6-17.  Figure  6-18 
is  a schematic  wiring  diagram. 

The  radiators  were  four  monopole  whips 
(N,  S,  E,  W),  Each  consisted  of  an  alumi- 
num TM  panel  receptacle  with  the  center 
conductor  extended  by  the  attachment  of  a 


Figure  6-17. — Network  feeding  system. 


length  of  beryllium  wire  (see  Figure  6-19)  . 
The  weight  of  each  radiator  was  0.05  lb. 

The  3-db  printed-circuit  coupler  consisted 
of  two  1/16-inch-thick,  diclad  teflon  fiber- 
glass printed  boards,  separated  by  a 1/64- 
inch  sheet  of  teflon  fiberglass  material  to 
form  a four-port  coupler.  The  four  ports 
were  Conhex  printed-board  receptacles.  The 
assembly  was  protected  by  a moisture  and 
fungus-resistance  coating.  The  weight  of 
each  3-db  coupler  was  0.156  lb.  (See  Figure 
6-20.) 

The  balun  consisted  of  a quarter-wave- 
length  coil  of  RG-188/U  50-ohm  cable  in- 
serted into  a coaxial  phenolic  and  aluminum 
tube  assembly  as  shown  in  Figure  6-21. 


After  the  electrical  checkout,  the  tube  assem- 
bly was  filled  with  polyurethane  foam  to  in- 
sure mechanical  stability  during  shock  and 
vibration,  The  weight  of  each  balun  was 
0.009  lb.  The  cabling  consisted  of  RG  188/U 
cable  with  Conhex-type  connectors. 

History  of  Unit 

The  TT&C  antenna  system  was  originally 
conceived  to  be  similar  to  that  developed 
and  successfully  used  on  the  Tiros  series  of 
spacecraft.  However,  as  finally  developed,  it 
differs  in  a number  of  respects  because  of 
the  differing  spacecraft  configuration,  fre- 
quency separations,  and  improved  compo- 
nents. 
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Design  Requirements,  Problems,  Changes 

The  requirements  of  the  TT&C  antenna 
system  were: 

1.  Frequency  : 

Transmit  136-137  Me 
Receive  148  Me 

2.  Polarization : elliptical  with  axial  ratio 
not  greater  than  one  db  on  spin  axis 

3.  Pattern : as  nearly  isotropic  as  possible 

4.  Isolation : 

(a)  transmitter-transmitter,  25  db  (re- 
duced to  20  db  later) 

(b)  receiver-to-transmitter,  30  db 

(c)  receiver-to-transmitter,  20  db 

5.  Insertion  loss  1.5  db  or  less 

6.  VSWR : 

(a)  not  more  than  1.5  at  136  Me 

(b)  not  more  than  2.5  at  150  Me. 

The  first  concept  of  the  TT&C  antenna 
system  visualized  the  136-Mc  and  148-Mc 


regions  by  filters. 

These  filters  were  to  be  constructed  using 
printed-circuit  techniques  to  reduce  size  and 
weight.  However,  an  inherent  problem  of 
losses  arose  in  the  experimental  development 
of  these  filters.  Because  of  the  relatively 
close  spacing  of  the  command  and  telemeter- 
ing frequencies,  it  was  not  possible  to  design 
such  a filter  using  printed-circuit  techniques 
without  prohibitive  insertion  loss  and  ac- 
companying crosscoupling.  Any  improve- 
ment in  the  design  would  have  had  to  be 
made  with  air  dielectric,  which  would  in- 
crease the  weight  and  mechanical  complexity 
of  the  filter. 

It  was  decided  to  employ  the  modified  feed 
circuitry  already  described  (Figure  6-16). 
Different  antenna  excitation  and  radiation 
modes  were  used  for  the  two  frequencies. 
Thus,  inherent  decoupling  was  gained  be- 
tween the  two  functions.  The  advantage  ob- 
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Figure  6-21. — Baiun  Assembly  (three  views). 


tained  were  the  elimination  of  the  filters  and 
a considerable  reduction  in  the  weight  and 
complexity  of  the  spacecraft  equipment. 

During  the  course  of  the  project,  three 
materials  were  used  for  the  whips.  The 
original  material  was  C-1085  steel.  This  was 
changed  to  non-magnetic  beryllium  copper  to 
minimize- residual  magnetism.  The  change 
in  material  of  the  whips  increased  their  de- 
flection under  spacecraft  spin.  The  earlier 
steel  whips  deflected  about  four  inches,  while 
the  non-magnetic  beryllium -copper  whips 
deflected  about  eight  inches.  A rough  ap- 
proximation of  this  type  of  deflection  at  the 
whip  tip  showed  no  severe  change  in  imped- 
ance or  isolation.  However,  for  reliability 
reasons  this  amount  of  deflection  could  not 
be  tolerated.  A solution  was  found  in  the 
use  of  pure  beryllium. 

The  feeding  and  matching  network  was 
developed  on  a mock-up  of  the  spacecraft 
made  of  screen-covered  wood.  This  metallic 
covering  was  a good  conductor.  Later,  a rep- 
resentative model  of  the  final  spacecraft  con- 
figuration was  used  to  assess  its  effect  on 
patterns  and  antenna  performance.  This 
model  was  different  from  the  mockup  built 
at  the  beginning  of  the  program.  The  solar 
panels  were  electrically  insulated  from  each 
other  and  from  the  structural  assembly.  The 
aluminized-mylar  sheets  at  both  ends  of  the 
spacecraft  were  insulated  from  the  antennas 
and  from  the  solar  panels.  The  surface  of 
the  aluminized-mylar  at  the  wideband  end 
was  not  regular  ar  flat,  having  an  accordion 
pleat  which,  under  acceleration  or  pressure 


variation,  could  move  relative  to  the  antenna. 

First  tests  with  the  TT&C  antennas  showed 
that  the  impedance  was  changed  markedly 
and  in  an  erratic  manner,  indicating  circu- 
lating currents  within  the  spacecraft.  A 
bonding  arrangement  was  worked  out  in 
which  sixteen  thin  aluminum  straps  joined 
the  eight  solar  panels  to  the  whip  mounting 
collar.  This  made  an  effective  ground  for 
currents  induced  by  the  radiating  whips  and 
established  a stable  condition.  The  matching 
arrangement  for  the  quadrature-fed  whips  at 
the  telemetry  frequency  had  to  be  modified, 
however,  to  achieve  the  desired  isolation  be- 
tween the  two  transmitter  ports.  Patterns 
were  essentially  unchanged  at  the  telemetry 
(136-Mc)  frequency.  At  the  command-re- 
ceive  frequency  of  148,  there  was  a differ- 
ence, however.  A new  set  of  patterns  was 
taken  at  this  frequency. 

Performance  Evaluation 

After  a matching  harness  design  had  been 
achieved,  the  complete  assembly  was  con- 
structed without  further  cable  changes  other 
than  trim  adjustments  to  the  two  open-circuit 
stubs,  W24  and  W25  in  Figure  6-18.  It  was 
necessary  to  adjust  this  length  to  achieve 
transmitter  isolation.  A further  adjustment 
in  the  location  and  length  of  these  stubs  was 
necessary  on  the  spacecraft. 

The  measured  values  of  the  antenna  char- 
acteristics are  shown  in  Table  6-11.  Repre- 
sentative patterns  are  shown  in  Figures  6-22 
through  6-25. 
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FREQ.  136  Me 
0 VARIABLE 
F#  COMPONENT 


180 


Figure  6-25. — </>  plane  telemetry  patterns, 
FQ  component. 
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Chapter  7 


The  Command  System 


GENERAL 

The  comniand  system  provided  support 
for  the  radiation  experiments,  and  the  com- 
munications and  attitude  control  subsystems. 
This  chapter  describes  the  functions  per- 
formed by  the  spacecraft  command  subsys- 
tem, both  for  ground  transmitted  commands 
and  internal  logic.  The  block  diagram  of 
Figure  7-1  illustrates  the  major  elements  or 
functions  of  the  spacecraft  command  sub- 
system. For  reference,  ground  elements  are 
also  shown. 

A VHF  signal,  containing  a coded  eight- 


bit  command  word,  was  directed  at  the  space- 
craft by  the  ground  antenna.  The  first  two 
bits  were  used  for  word  sync  and  the  re- 
maining six  bits,  constrained  to  combinations 
of  3 ONES  and  3 ZEROS,  contained  the 
command  information.  The  code  was  applied 
as  a quantized  PDM  signal  in  which  discrete 
pulse  widths  were  used  to  represent  SYNC, 
ONE,  and  ZERO  signals.  The  PDM  signal 
amplitude  modulated  a subcarrier  which  in 
turn  amplitude  modulated  the  VHF  carrier. 

The  VHF  signal  was  received  by  the  space- 
craft TT&C  (Telemetry,  Tracking  & Com- 


FlGURE  7-1. — Relay  I command  link,  functional  block  diagram. 
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mand)  antenna  ( refer  to  Chapter  6).  This 
antenna  consisted  of  an  array  of  four  mono- 
poles projecting  from  the  underside  of  the 
spacecraft  (separation  plane).  Command 
and  telemetry  signals  shared  the  antenna. 
For  the  command  function  the  antenna  pat- 
tern was  essentially  that  of  a linearly  polar- 
ized dipole. 

A diplexer  performed  the  function  of  com- 
bining the  telemetry  and  command  signals 
at  the  antenna.  It  also  provided  isolation 
between  telemetry  transmitter  and  command 
receiver. 

The  signal  was  routed  to  the  redundant 
receivers,  which  operated  independently  and 
in  parallel.  The  receiver  detected  the  VHF 
carrier  and  fed  the  demodulated,  PDM  mod- 
ulated subcarrier  to  the  next  stage. 

The  subcarrier  demodulator  filtered  the 
incoming  signal,  then  demodulated  and,  final- 
ly, reconstructed  the  original  PDM  wave- 
form. The  cross-coupling  network  routed 
the  output  of  each  subcarrier  demodulator 
to  both  decoders.  This  provided  additional 
reliability,  since  either  receiver  and  either 
decoder  could  simultaneously  fail  without 
degradation  of  the  command  system. 

The  decoder  accepted  the  PDM  coded  sig- 
nal, verified  that  the  format  was  correct,  and 
then  provided  an  output  pulse  corresponding 
to  the  desired  command.  The  corresponding 
pulses  from  the  two  decoders  were  gated  at 
the  input  to  the  command  control  unit.  The 
pulse  was  then  routed  to  one  or  more  bistable 
memory  elements,  setting  this  memory  to  the 
desired  state.  The  outputs  of  the  control  unit 
were  either  switch  closures  or  dc  bias  sig- 
nals controlled  by  the  associated  memory 
elements. 

Table  7-1  lists  all  the  direct  commands 
with  their  respective  control  circuit  outputs. 
In  three  cases  more  than  one  function  is 
accomplished  by  a single  command,  i.e., : 

Command  No.  5 — Turn  off  both  transpon- 
der systems 

Command  No.  8 — Turn  on  both  telemetry 
transmitters 

Command  No.  18 — Turn  off  attitude  con- 
trol and  horizon  scanner 


System  design  also  required  that  repeaters 
would  be  turned  off  automatically  after  a 
two-minute  delay  following  removal  of  the 
microwave  carrier  from  the  repeater.  This 
provided  an  automatic  over-the-horizon  turn- 
off capability  which  served  as  backup  in  the 
event  of  direct-command  failure. 

THE  RELAY  I COMMAND  RECEIVER 
Introduction 

The  function  of  the  RELAY  I command 
receiver  was  to  receive,  amplify,  and  demod- 
ulate coded  command  information  received 
from  the  control  ground  station.  The  PDM 
commands  amplitude  modulated  the  5.4  kc 
subcarrier  which,  in  turn,  amplitude  modu- 
lated the  148.26  Me  radio-frequency  carrier. 
The  spacecraft  employed  two  command  re- 
ceivers connected  in  parallel  to  the  command 
antenna,  Each  receiver  was  connected  to  a 
command  decoder  which  demodulated  the 
subcarrier  command  information.  The  use 
of  reundant  command  systems  increased  re- 
liability. 

The  command  receiver  was  an  all-transis- 
torized AM  unit  employing  single  conversion 
and  a 20  Me  IF  frequency.  The  receiver 
occupied  two  printed  circuit  boards.  One 
board  contained  the  RF  amplifier,  crystal 
oscillator,  and  mixer  ; while  the  other  con- 
tained the  IF  amplifier,  AGO  detector  and 
amplifier,  AM  demodulator,  and  power  sup- 
ply regulator  (see  Figure  7-2).  To  minimize 
weight  and  volume  the  two  receivers  were 
housed  in  one  case. 

Design  Approach 

Some  of  the  major  factors  considered  in 
the  design  of  the  command  receivers  were: 

1.  Maximum  reliability 

2.  Minimum  power  consumption 

3.  High  rejection  of  suprious  signals 

4.  Minimum  weight 

5.  High  sensitivity 

Since  the  receiver  was  designed  to  be  used 
in  a spacecraft  which  had  to  operate  success- 
fully for  one  year  or  longer,  a philosophy  of 
design  was  adopted  which  tended  to  maxi- 
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Table  7-1. — Direct  Commands 


Command 

Control  circuit  output 

Remarks 

No. 

Designation 

1 

Load  cutoff  normal 

Open  circuit  to  battery  low-voltage 
cutout  sensor 

Allows  low -voltage  cutout  circuit  to 
operate  normally 

2 

Load  cut-off  override 

Short  circuit  to  battery  low-voltage 
cutout  sensor 

Disables  low- voltage  cutout  circuit 

3 

Transponder  #1  ON 

Provides  turn-on  bias  signal  to 
transponder  #1  voltage  regulator 

In  the  event  transponder  §2  was  on 
when  this  command  was  executed 
transponder  #2  will  be  turned  off  after 
the  completion  of  transponder  #1 
TWT  power  supply  warm-up  cycle. 

4 

Transponder  #2  ON 

Provides  turn-on  bias  signal  to 
transponder  #2  voltage  regulator 

In  the  event  transponder  #1  was  on 
when  this  command  was  executed 
transponder  #1  would  be  turned  off 
after  the  completion  of  transponder 
#2  TWT  power  supply  warm-up  cycle. 

5 

Transponder  OFF 

Provides  turn-off  bias  signal  to  both 
transponder  #1  and  #2  voltage  regulators 

6 

TV  ON 

Provides  switch  closure  to  transponders 
#1  and  #2,  routing  regulated  voltage 
to  TV  gate 

Sets  both  transponders  into  the  wideband 
or  television  mode  of  operation. 

7 

Phone  ON 

Provides  switch  closure  to  transponders 
#1  and  #2,  routing  regulated  voltage 
to  phone  gate 

Sets  both  transponders  into  the  narrow 
band  or  duplex  mode  of  operation. 

8 

Telemetry  transmitters 
1 & 2 ON 

Provides  switch  closures  which  route 
primary  power  to  both  telemetry 
transmitters 

9 

Telemetry  transmitter 
#1  OFF 

Opens  switch  controlling  primary  power 
to  Tel  Xmtr.  #1 

10 

Telemetry  transmitter 
#2  OFF 

Opens  switch  controlling  primary  power 
to  Tel.  Xmtr.  #2 

11 

Radiation  experiment 
ON 

Provides  turn-on  bias  level  to  rad.  exp. 
voltage  regulator 

12 

Radiation  experiment 
OFF 

Provides  turn-off  bias  level  to  rad.  exp. 
voltage  regulator 

13 

Telemetry  encoder  ON 

Provides  turn-on  bias  to  telemetry 
encoder 

Automatically  opens  power  switch  to 
Horizon  scanner 

14 

Telemetry  encoder  OFF 

Provides  turn-off  bias  to  telemetry 
encoder 

15 

Horizon  scanner  ON 

Provides  switch  enclosure  which  applies 
primary  power  to  horizon  scanner 

Automatically  applies  turn  off  bias  to 
telemetry  encoder 

16 

Attitude  control  current 
positive 

Provides  current  source  to  attitude 
control  coil  in  POS  direction 

Automatically  locks  out  17 

17 

Attitude  control  current 
negative 

Provides  current  source  to  attitude 
control  coil  in  NEG  direction 

Automatically  locks  out  16 

18 

Attitude  control  off  and 
horizon  scanner  off 

Removes  current  source  from  attitude 
control  coil.  Remove  primary  power 
from  horizon  scanner. 

19 

Modulate  tel.  Xmtr  §\ 

Gates  the  outputs  from  the  tel.  encoder 
and  horizon  scanner  to  tel.  Xmtr.  §1 

20 

Modulate  tel.  Xmtr.  #2 

Gates  the  outputs  from  the  tel.  encoder 
and  horizon  scanner  to  tel.  Xmtr.  #2 
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Figure  7-2. — Relay  I command  receiver,  block  diagram. 


mize  the  reliability  of  the  unit.  Only  proven 
reliable  parts,  thermally  aged  before  assem- 
bly, were  used.  For  improved  life,  compo- 
nents were  operated  at  10  percent  of  rated 
dissipation,  while  circuit  designs  were  chosen 
to  produce  the  desired  electrical  operation 
with  a minimum  of  parts.  Printed  circuits 
were  employed  to  ensure  the  receiver’s  uni- 
formity in  manufacture  and  electrical  per- 
formance. 

To  minimize  the  dc  power  consumption  of 
the  command  receiver,  IF  amplifier  stages 
were  designed  to  operate  in  a starved  condi- 
tion with  an  emitter  current  of  0.5  ma.  The 
2N384  drift  transistors  were  used  in  the  IF 
amplifier  because  they  exhibited  desirable 
reverse  AGC  properties.  Reverse  AGC  was 
chosen  over  forward  AGC  because  the  tran- 
sistors could  be  operated  with  about  one 
quarter  the  quiescent  current  required  for 
forward  AGC.  The  only  disadvantage  of  re- 
verse AGC  is  a tendency  to  overload  due  to 
strong  input  signals ; however,  the  strongest 
received  RF  signal  was  expected  to  be  in  the 
order  of  100  microvolts.  AGC  was  also  ap- 
plied to  the  RF  amplifier  to  increase  the 
strong  signal  capability  of  the  receiver  re- 
sulting in  an  overload  level  of  50,000  micro- 
volts. 

Extremely  sharp  selectivity  of  the  receiver 


was  obtained  by  using  a crystal  filter  in  the 
IF  amplifier.  The  6 db  bandwidth  of  the 
filter  was  40  kc,  and  the  60  db  bandwidth 
was  less  than  100  kc.  Each  IF  amplifier  was 
designed  with  a bandwidth  of  about  700  kc; 
thus  the  overall  bandpass  characteristic  of 
the  IF  amplifier  was  determined  only  by  the 
crystal  filter.  This  design  eliminated  shift  in 
bandwidth  and  IF  center  frequency  due  to 
AGC  action,  temperature,  and  transistor 
variations. 

The  receiver  included  an  RF  amplifier  pre- 
ceding the  mixer  to  obtain  a low  noise 
figure,  (7  db)  and  high  input-frequency 
selectivity.  To  obtain  selectivity,  some  sen- 
sitivity was  sacrificed  in  the  input  RF  filter. 
A loss  of  1.5  db  in  the  input  network  was 
tolerated  to  obtain  image  and  spurious  re- 
pection  of  50  db  minimum. 

To  minimize  weight,  two  receivers  are  en- 
closed in  one  case.  The  weight  of  the  receiver 
package  was  2 pounds. 

Receiver  Description 

A block  diagram  of  the  Relay  I command 
receiver  is  shown  in  Figure  7-2.  The  148.26- 
Mc  signal  from  the  antenna  (divided  be- 
tween the  two  receivers)  was  first  amplified 
by  the  RF  amplifier  which  consisted  of  a 
2N1405  transistor  in  a grounded  emitter 
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circuit.  This  amplifier  provided  15  db  gain 
with  an  average  noise  figure  of  7 db.  RF 
selectivity  was  provided  by  three  single 
tuned  circuits  which  resulted  in  a 3-db  band- 
width of  4 Me  at  the  input  frequency.  All 
spurious  responses  were  down  50  db  or  more. 

The  amplified  RF  signal  was  fed  into  the 
transistor  mixer  where  it  was  heterodyned 
with  the  128.26-Mc,  5th  overtone,  crystal 
oscillator  to  produce  the  20-Mc  IF.  The 
mixer  included  a 2N1405  transistor  biased 
near  cutoff  to  produce  mixing  action  along 
with  a 15-db  gain  at  20  Me.  The  collector 
contained  a 20-Mc  tuned  transformer  to  sep- 
arate the  IF  and  feed  this  signal  into  the  IF 
amplifier. 

The  IF  amplifier  consisted  of  four  stages 
utilizing  2N384  transistors  as  common  emit- 
ter amplifiers.  Interstage  coupling  was  ac- 
complished by  single  tuned  transformers, 
and  a crystal  filter  was  inserted  between  the 
first  and  second  IF  amplifier.  The  bandwidth 
of  each  IF  amplifier  stage  was  700  kc  and 
all  were  synchronously  tuned  to  20  Me.  The 
crystal  filter,  having  a 6-db  bandwidth  of 
40  kc  and  a 60-db  bandwith  of  100  kc  maxi- 
mum, determined  the  over-all  frequency  re- 
sponse of  the  IF  amplifier.  Reverse  AGC  was 
applied  to  the  first  three  stages  of  the  ampli- 
fier, which  were  biased  to  draw  0.5  ma  of 
current  each.  The  fourth  IF  amplifier  was 
a driver  for  the  AGC  detector  and  audio 
detector,  and  was  not  connected  to  the  AGC 
control. 

Separate  detectors  were  used  for  AGC 
and  for  demodulation  of  the  carrier  infor- 
mation to  optimize  each  for  its  particular 
function.  Carrier  demodulation  was  accom- 
plished by  the  base-to-emitter  diode  of  a 
transistor.  The  transistor,  biased  close  to 
cutoff,  demodulated  the  signal  and  amplified 
the  demodulated  information.  Low-frequency 
feedback  from  the  transistor  collector  re- 
duced demodulator  distortions.  A graph  of 
total  receiver  harmonic  distortion  for  inputs 
modulated  50  percent  and  90  percent  is 
shown  in  Figure  7-3.  Frequency  response 
of  the  demodulator  and  audio  amplifier,  as 
shown  in  Figure  7-4,  extended  out  to  20  kc. 


Figure  7-3. — Audio  distortion,  Relay  I command 
receiver. 


Figure  7-4. — Audio  frequency  response  Relay  com- 
mand receiver. 


The  audio  output  from  the  demodulator  was 
fed  to  an  emitter  follower  amplifier  and  then 
to  an  isolation  transformer. 

AGC  voltage  was  developed  by  a tran- 
sistor using  the  base-to-emitter  diode  as  a 
peak  detector.  No  bias  was  applied  to  the 
transistor  so  that  conduction  occurred  only 
when  the  peak  IF  signal  rose  above  0.7  volts. 
This  detected  voltage  was  filtered,  amplified 
and  applied  to  the  RF  and  IF  amplifiers  to 
control  the  receiver  gain.  The  AGC  was  de- 
signed to  reduce  amplifier  gain  by  decreasing 
transistor  emitter  current.  Figure  7-5  shows 
the  receiver  AGC  operation  at  temperatures 
of  -15°,  +25°  and  35°C.  AGC  action  started 
for  input  signals  between  1 and  2 microvolts 
and  held  the  receiver  output  constant  ±1.5 
db  for  input  signals  between  2 and  10,000 
microvolts. 

A voltage  regulator  was  incorporated 
which  supplied  —12  volts  dc  to  all  stages 
of  the  receiver.  This  regulator  permitted 
operation  of  the  command  receiver  from  an 
unregulated  voltage  of  20  to  35  volts.  A 
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Table  7-2.  — Parameters  far  the  Relay  Command  Receiver 


Input  frequency  band 

148  megacycles 

Modulation 

AM 

Noise  figure 

Typical,  7 db;  maximum  10  db 

IF  frequency 

20  megacycles 

IF  selectivity.  — . - 

40  kc  bandwidth,  6 db  down;  100  kc 
bandwidth,  60  db  down 

Spurious  rejection 

Down  50  db  or  more 

Input  impedance 

50  ohms 

Audio  output  impedance 

2000  ohms 

Voltage  gain 

Audio  output  voltage  for  90% 

120  db  ± 3 db  over  temperature 
range  from  — 10°C  to  -f  60°C 

modulation  at  1 kc 

Oscillator  stability  (— 10°C  to 

1 volt,  RMS 

4*60C) 

±0.005% 

AGC  dynamic  range 

Audio  output  constant  to  ±1.5  db 
for  input  signal  between  2.0  and 
10,000  microvolts 

Overload  level . 

50,000  microvolts 

Power  supply 

15  milliamperes  at  24  volts,  dc 

Power-supply  regulation 

Receiver  has  internal  regulator  to  per- 
mit operation  from  20  to  35  volts 

Operating  temperature  range.  . 

— 15°  C to  +60°  C 

Weight 

2 pounds  (two  receivers) 

summary  of  command  receiver  specifications 
in  presented  in  Table  7-2. 


Command  Receiver  Packaging 

The  command  receiver  was  divided  into 
two  sections,  each  employing  printed  circuit 
boards.  The  RF  amplifier,  mixer,  and  crys- 
tal oscillator  were  assembled  on  one  (see 
Figure  7-6) ; while  the  IF  amplifier,  AGC 
and  audio  detectors,  audio  amplifier,  and 
voltage  regulator  were  assembled  on  the 
other  (see  Figure  7-7) ; and  both  were  as- 
sembled into  one  case  (see  Figure  7-8).  A 


Figure  7-6. — RF  amplifier,  mixer  and  crystal  oscil- 
lator board. 
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Figure  7-7. — -IF  amplifier,  AGC  and  audio  detectors,  audio  amplifier  and  voltage  regulator  board. 


center  partition,  serving  as  a ground  plane 
for  each  receiver,  was  bypassed  to  the  metal 
case  through  capacitors,  thus  providing  iso- 
lation between  the  receiver  power  supply 
and  the  case.  Positive  or  negative  power 
supply  could  be  used  with  the  command  re- 
ceiver. 

Environment  Testing 

Prior  to  environmental  testing  all  compo- 
nents on  the  printed  circuit  boards  were 
secured  with  Thiokol  Solithane  113.  A de- 
scription of  the  protoype  and  acceptance 


environmental  tests  for  the  RELAY  I com- 
mand receiver  are  described  in  Chapter  9. 

THE  COMMAND  DEMODULATOR 
AND  DECODER 

To  command  satellites,  the  National  Aero- 
nautics and  Space  Administration  (NASA) 
developed  a coded  message  sequence  consist- 
ing of  discrete,  pulse -duration -modulated 
(PDM)  tone  bursts.  The  message  consisted 
of  a sync  pulse,  followed  by  some  combina- 
tion of  six  pulses,  containing  three  each  of 
ZERO’S  and  ONE’S.  This  code  permitted 
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Figure  7-8. — Command  receiver  assembly. 


twenty  commands. 

Equipment  developed  for  the  Relay  sat- 
ellite program  demodulated  the  tone  bursts, 
converted  the  pulse-duration  modulation  into 
a binary  code,  and  then  decoded  the  message 
into  twenty  discrete  commands.  The  demod- 
ulation and  PDM-to-binary  code  conversion 
functions  were  accomplished  by  conventional 
transistorized  circuitry.  The  circuitry  for 
converting  the  code  into  command  pulses 
was  a novel  utilization  of  magnetic  circuitry. 
Magnetic  cores,  used  to  provide  a shift  reg- 
ister function,  also  performed  the  decoding; 
and  thus  eliminated  the  conventional  diode 
matrix  usually  employed. 

Introduction 

The  function  of  the  Relay  space  vehicle 
command  decoder  was  to  accept  the  command 
code  from  the  command  receiver,  demodu- 
late, decode,  and  provide  signals  to  the*  con- 
trol circuit  in  a form  to  actuate  bistable 
memory  elements.  The  code  was  specified  by 
NASA ; and  was  designed  to  provide  a maxi- 
mum of  protection  against  spurious  trigger- 
ing of  command  circuits  while  employing  a 
relatively  narrow  bandwidth.  The  basic 


code  consisted  of  a sync  signal,  followed  by 
a combination  of  three  one’s  and  three 
zero’s,  which  permitted  twenty  commands. 
The  basic  code  was  then  transformed  into  a 
sequence  of  pulse  - duration  - modulated 
(PDM)  bursts  of  5451-cps  subcarrier  tone. 
A representative  (PDM)  code  sequence  is 
shown  in  Figure  7-9. 


The  sequence  consisted  of  eight  equal  time 
slots  (T) ; the  first  containing  no  modulation. 
The  second  time  slot  contained  the  sync  sig- 
nal, a tone  burst  three  quarters  of  the  time 
T in  duration.  This  was  followed  by  the 
three  ONE’S  and  three  ZERO’S  (ZERO 
being  one  quarter  of  T and  a ONE,  one-half 
T in  duration).  The  basic  time  T was  72 
cycles  of  the  subcarrier,  or  13.2  msec.  This 
code  sequence  was  then  repeated  five  times 
to  a complete  command  signal. 

The  subcarrier  tone  ampliture-modulated 
a VHF  carrier  for  transmission  to  the  vehi- 
cle. The  command  receiver  demodulated  the 
VHF  carrier,  and  provided  the  PDM  sub- 
carrier tone  to  the  decoder. 

Design  Objectives 

The  objective  was  to  design  a circuit  pro- 
viding maximum  utilization  of  the  noise- 
immunity  properties  of  the  code  within  the 
familiar  constraints  of  space  vehicle  equip- 
ment: 

1.  Maximum  reliability 

2.  Minimum  weight 

3.  Minimum  power  consumption 

4.  Minimum  volume 

These  constraints  obviously  dictated  the 
use  of  solid-state  circuitry.  Silicon  transis- 
tors and  diodes  were  used  throughout  to 
minimize  the  effects  of  temperature  varia- 
tions. Printed  circuits  were  employed  to 
minimize  weight  and  volume.  Conformal 
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coating  was  applied  to  all  components  to 
provide  protection  from  vibration  during  the 
launch  phase.  The  most  reliable  components 
known  were  used,  and  inprocess  inspections 
were  employed  at  many  steps  in  fabrication. 

Design  Approach 

In  the  initial  phase,  the  unit  was  broken 
down  into  three  major  functions:  (1)  the 
subcarrier  demodulator,  which  stripped 
the  PDM  from  the  subcarrier  tone;  (2)  the 
PDM-to-PCM  converter,  which  transformed 
the  PDM  pulses  into  sync,  ONE  and  ZERO 
pulses;  and  (3)  the  decoder,  which  trans- 
formed the  pulse  combinations  into  unique 
command  pulses  to  drive  the  memory  ele- 
ments in  the  control  circuit. 

In  the  demodulator,  the  signal  was  filtered, 
amplified,  demodulated,  and  regenerated  by 
means  of  a Schmitt  trigger  circuit.  The 
Schmitt  circuit  output  was  cross-coupled  to 
a redundant  decoder.  The  Relay  vehicle  con- 
tained redundant  command  receivers  and 
decoders;  and  the  cross-coupling  allowed  the 
command  system  to  function  with  any  re- 
ceiver and  decoder  combination.  A squelch 
circuit  was  incorporated  into  the  demodu- 
lator, operating  on  the  average  power  level 
in  the  subcarrier  tone.  This  squelch  circuit 
operated  a switch  supplying  power  to  the 
succeeding  stages  in  its  own  unit  and  to  the 
corresponding  stages  in  the  redundant  unit. 
The  squelch  had  two  purposes:  (1)  to  in- 
crease the  life  of  the  affected  stages  by  re- 
moving electrical  stress  from  the  components, 
and  (2)  to  remove  the  possibility  of  a spuri- 
ous command  due  to  noise  when  a subcarrier 
tone  is  not  present.  The  squelch  circuit  held 
a time  constant  of  about  10  percent  of  a 
message  sequence ; therefore,  the  first  of  the 
five  identical  sequences  would  not  get 
through.  However,  there  was  a high  prob- 
ability that  one  of  the  succeeding  four  se- 
quences would  activate  the  command. 

In  the  PDM-to-PCM  converter,  the  pulse 
from  the  Schmitt  trigger  gated-on  a free- 
running  multivibrator.  The  output  of  the 
multivibrator  was  fed  to  a binary  counter, 
determining  whether  the  PDM  pulse  was  a 


ZERO,  ONE,  or  a SYNC  signal. 

In  the  decoder  stages,  the  ZERO’S  and 
ONE’S  were  fed  into  a magnetic  shift  regis- 
ter. Simultaneously,  the  ZERO’S  and  ONE’S 
were  counted  in  separate  counters  to  insure 
that  the  message  contains  three  ONE’S  and 
three  ZERO’S.  The  syne  pulse  reset  these 
counters  and  activated  a delay  circuit.  The 
outputs  of  the  counters  and  gate  circuit  asso- 
ciated with  the  delay  circuit  were  anded  to- 
gether to  activate  the  read  switch  for  the 
shift  register.  This  insured  that  a message 
sequence  contain  three  ZERO’S  and  three 
ONE’S  within  a specified  length  of  time — 
otherwise  the  message  was  rejected.  (The 
only  way  for  a false  command  to  be  effected 
on  a proper  command’s  transmittal,  is  the 
unlikely  probability  that  a ONE  be  trans- 
formed into  a ZERO,  and  a ZERO  into  a 
ONE)  . . . The  conventional  means  of  de- 
coding the  message  would  employ  a transis- 
tor shift  register  operating  into  a diode 
matrix.  Using  the  magnetic  shift  register  in 
a novel  configuration  eliminated  the  need 
for  the  decode  matrix,  thus  considerably  re- 
ducing the  number  of  semi-conductors  re- 
quired in  the  unit. 

Operational  Description 

A functional  block  diagram  of  the  decoder 
is  shown  in  Figure  7-10.  The  PDM-modu- 
lated  subcarrier  tone  from  the  receiver  was 
fed  to  a 5451-cps  band-pass  filter  with  a 15 
percent  bandwith.  Then  the  signal  was  am- 
plified and  applied  to  a slieer  amplifier  stage, 
wherein  the  power  level  of  the  subcarrier 
tone  was  detected  for  application  to  the 
squelch  circuit.  Sliced  at  approximately  the 
50  percent  level,  the  signal  was  then  demodu- 
lated in  a transistor  collector  detector,  and 
fed  to  the  Schmitt  trigger  for  PDM  signal 
regeneration.  At  that  point,  the  signal  was 
cross-coupled  to  the  redundant  decoder. 

The  PDM  pulse  was  then  amplified  and 
used  to  activate  a free  running  multivibra- 
tor. The  PDM  pulse  was  and  gated  with  the 
output  of  the  multivibrator  to  produce  one, 
two,  or  three  pulses  according  to  the  ZERO, 
ONE  or  SYNC  signal  of  the  PDM  pulse. 
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FIGURE  7-10.  Decoder  block  diagram. 


The  pulses  from  the  multivibrator  were  fed 
to  a counter  having  three  outputs  correspond- 
ing to  ZERO,  ONE,  or  SYNC.  The  counter 
was  reset  by  the  leading  edge  of  the  orig- 
inal PDM  pulse. 

Each  of  the  ZEROS  and  ONES  were  fed 
to  3 counters.  The  3 counter  emitted  the 
proper  signal  level  only  when  three  pulses 
had  been  counted.  The  SYNC  signal  reset 
the  3 counters  at  the  beginning  of  each 
message  sequence.  Also  the  sync  signal  actu- 
ated a delay  circuit  whose  output  was  anded 
together  with  the  outputs  of  the  3 counters, 
to  trigger  the  read  switch. 

Then  ZERO’S  and  ONE’S  are  fed  to  a 
2-cores-per-bit  magnetic  shift  register.  A 
circuit  diagram  illustrating  2 of  the  6 bits 
of  the  shift  register  is  shown  in  Figure  7-11. 

The  timing  diagram  (see  Figure  7-12) 
shows  the  order  in  which  each  pulse  was  re- 
ceived. Receipt  of  a ONE  triggered  CR2  (see 
Figure  7-11).  This  discharged  C2  through 
the  10-turn  winding  on  Core  1,  setting  that 
core  to  state  one.  When  C2  was  fully  dis- 
charged, CR2  opened  up,  allowing  C2  to 
charge  through  R2;  and  the  circuit  was 


readied  for  the  next  reset  pulse.  The  nega- 
tive pulse  from  C2  was  delayed  and  inverted, 
then  used  to  trigger  CR3.  When  C3  dis- 
charged through  the  2-turn  shift  windings, 
all  transistors  on  the  low  line  whose  cores 
were  in  state  ONE,  conducted,  setting  the 
core  immediately  above  and  to  the  right  of 
state  ONE.  When  the  high-line  trigger 
pulse  activated  CRi,  this  process  repeated, 
moving  the  ONE’S  down  to  the  low  line. 
When  a transistor  conducted,  its  own  core 
was  set  to  state  ZERO.  Through  this  proce- 
dure, all  information  (ZERO’S  and  ONE’S) 
advanced  one  position  whenever  a low-  and 
high-line  trigger  pulse  was  received.  (In 
the  timing  diagram,  the  high-line  trigger  is 
shown  to  occur  at  the  leading  edge  of  the 
PDM  code  pulses.  This  pulse  is  obtained  by 
differentiating  the  leading  edge  of  this  PDM 
pulse,  and  is  equivalent  to  another  delay 
circuit  after  the  low-line  trigger  pulse.) 

The  decoding  function  was  accomplished 
in  the  magnetic  shift  register  by  the  use  of 
readout  windings  on  low-line  cores.  Each 
core  had  ten  readout  windings.  These  wind- 
ings were  connected  as  shown  in  Figure 
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Figure  7-12. — Timing  diagram  for  decoder,  shift 
register. 


Figure  7-13. — Schematic  diagram  of  three  readout 
lines. 


7-13.  (For  simplicity,  only  three  of  the  ten 
lines  are  shown.)  Only  ten  lines  and  not 
twenty  were  required,  since  a particular 
code  and  its  complementary  code  used  the 


same  set  of  windings.  The  complementary 
code  produced  a pulse  of  opposite  polarity. 
Thus,  ten  output  lines,  each  capable  of  pro- 
ducing a positive  or  negative  pulse,  yielded 
twenty  command  pulses. 

In  each  line  of  windings,  three  of  the 
windings  were  wound  in  one  direction  on 
the  cores,  and  three  in  the  opposite.  When  a 
shift  pulse  occurred,  those  cores  storing  a 
ONE  changed  state  and  induced  a voltage 
in  all  of  the  output  windings  on  that  core, 
the  polarity  determined  by  the  direction  of 
winding.  To  explain  the  operation  of  the 
decoding  process,  assume  that  in  Figure 
7-13,  the  first  three  cores  store  ONE’S,  and 
the  last  three,  ZERO’S.  When  the  cores 
shifted,  one  unit  of  voltage  was  induced  in 
each  core  winding  with  a ONE.  Therefore, 
+3  units  of  voltage  were  induced  on  line  1. 
A -f-1  unit  of  voltage  was  induced  on  line  2. 
Core  3 is  wound  opposite  to  cores  1 and  2. 
On  line  3,  the  voltage  was  a — 1 unit.  In 
every  core,  where  there  were  three  ONES 
and  three  ZEROS  stored  in  the  register, 
only  one  line  held  a three-unit  voltage  and 
all  other  lines  had  induced  either  a plus  or 
minus-one  unit  voltage.  Zener  diodes  at  the 
end  of  each  line  blocked  the  one-unit  volt- 
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ages,  allowing  only  voltages  of  the  three- 
level  to  pass.  A code  of  000111  meant  that 
ONE’S  stored  in  the  last  three  cores  would 
produce  a negative  pulse  on  line  1,  of  3 units 
in  amplitude.  Codes  110100  and  001011 
would  produce  positive  and  negative  pulses, 
respectively,  on  line  2.  The  codes  for  line 
3 would  be  100101  and  011010.  The  read 
windings  were  normally  open,  that  is,  tran- 
sistors TX1  and  TX2  were  cut  off,  inhibiting 
pulses  on  the  output  lines  during  the  shifting 
of  a code  into  the  register.  (To  illustrate, 
when  the  two  “3”  counters  on  Figure  7-10 
have  each  been  set,  and  the  sync-delay-circuit 
gate  has  been  set,  the  transistors  TX1  and 
TX2  will  be  conducting  and  the  output  com- 
mand can  be  read  out.) 

Equipment  Performance 

The  performance  of  the  equipment  in  the 
presence  of  noise  is  indicated  by  the  oscillo- 


Figure  7-14.— Waveforms  in  the  presence  of  noise. 

grams  of  Figure  7-14.  The  upper  trace  shows 
the  PDM-modulated  subcarrier  after  the 
band-pass  filter.  The  lower  trace  shows  the 
regenerated  PDM  pulse  out  of  the  Schmitt 
trigger.  In  an  oscillogram  of  the  signal  prior 
to  filtering,  the  signal  would  have  been  indis- 
tinguishable since  the  receiver  had  approxi- 
mately 10-kc  response.  The  filter  had  an 
810-cps  bandwidth,  providing  an  11-db  im- 
provement in  SNR.  Other  performance  char- 
acteristics of  the  finished  equipment  are 
summarized  in  Table  7-3. 

The  layout  of  the  components  was  made 
on  three  printed-circuit  boards,  each  one  cor- 


Table  7-3 — Summary  of  Equipment  Performance 
Characteristics 


Weight-  . ; 

1.5  pounds 

Size  _ _ _ i 

4 X 4 X 2.5  inches 

Supply  voltage-  - ! 

20  to  36  v 

Power  consumption  at  28  v 1 
Idle-. ... ! 

225  mw 

When  commanded 1 

560  mw 

Input  impedance - ! 

IO  K at  5451  cps 

Input  signal  level.  . 

0.25  to  1 v RMS 

Output  signal  amplitude 

Threshold  of  the  squelch  circuit  can 
be  set  anywhere  in  this  range. 

4 v minimum 

Output  pulse  shape... 

8 v maximum 

Discharge  of  a 0.002  Mf  capacitor. 

Reliability, 

width  determined  by  resistive  load. 
MTBF  (calculated)  20,000  hours 

Temperature  range 

— 30°C  to  +80°C 

responding  roughly  to  the  three  functions  of 
demodulation,  PDM-to-PCM  conversion  and 
decoding.  Figure  7-15  shows  the  demodula- 
tion board  at  the  upper  left,  the  PDM-to- 
PGM  board  at  the  right,  and  the  magnetic 
decoder  at  the  lower  left. 

COMMAND  CONTROL  UNIT 
Introduction 

The  function  of  the  command  control  unit 
was  to  accept  the  decoded  commands  from 
the  decoder,  and  to  initiate  the  performance 
of  the  command.  This  was  accomplished  by 
storing  the  decoded  commands  in  bistable 
memories  and  by  operating  transistor  power 
switches  according  to  the  state  of  the  mem- 
ories. In  most  cases,  and  on-off  command 
function  was  accomplished  by  directly  switch- 
ing the  power  to  the  desired  subsystem. 
However,  in  the  wideband  subsystem,  the 
radiation  experiments,  and  the  telemetry  en- 
coder, the  command  control  circuit  supplied 
only  an  on-off  signal. 

Beyond  the  switching  functions  performed 
in  the  control  circuit,  several  other  outputs 
were  provided  : 

1.  Command  verification  — Four  discrete 
telemetry  voltages  indicating  the  state  of  the 
command  control  memory. 

2.  Third  stage  separation  indication  — A 
telemetry  voltage  indicating  separation  of 
the  third  stage. 

3.  Command  Receiver  AGC — The  voltage 
from  the  command  receiver  amplified  in  the 
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Figure  7-15. 


command  control  unit  and  presented  as  a 
telemetry  voltage. 

4.  Initial  state  set — An  arrangement  by 
which  the  command  control  circuit  might  be 
reset  to  its  initial  state  prior  to  launch.  (This 
was  done  manually  rather  than  by  command.) 

Also,  certain  logic  was  incorporated  within 
the  control  circuit  to  perform  the  following 
functions : 


1.  Wideband  subsystem  shutdown 

a.  Low  Voltage — Shutdown  would  occur 
when  the  unregulated  bus  fell  below 
some  nominal  preset  level.  (Shutdown 
could  be  inhibited  by  command  from 
earth). 

b.  Low  Signal  Received  — Shutdown 
would  occur  when  signal  strength  in  the 
receiver  fell  below  some  nominal  level 
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for  a period  of  more  than  two  minutes. 
(The  timers  which  provided  the  shut- 
down signal  could  be  reset  by  repeating 
the  “ON”  command  to  the  respective 
wideband  subsystem.) 

2.  Pulse  steering  logic  which  assured  that 
only  one  wideband  subsystem  could  be  on  at 
a time,  and  that  the  telemetry  transmitter 
was  modulated  by  only  one  signal. 

Design  Approach 

Certain  trade-offs  in  weight,  volume  and 
power  consumption  were  made  to  emphasize 
reliability.  Unlike  the  command  decoder  and 
receiver,  only  one  command  control  unit  was 
included  in  the  command  system.  Since 
spacecraft  operation  depended  upon  the  abil- 
ity of  the  control  unit  to  perform  reliably, 
certain  circuits  contained  an  augmented 
number  of  components  where  the  added  com- 
ponents provided  an  extra  margin  of  safety. 
For  example,  the  design  of  a redundant  volt- 
age regulator  for  the  command  control  unit 
eliminated  the  possibility  of  the  voltage  regu- 
lator failing  from  a single  component  failure. 
Additional  considerations  for  higher  reliabil- 
ity included : 

1.  Power  Dissipation — Not  to  exceed  10 
percent  in  any  component. 

2.  Minimum  Beta  Assumed  — The  mini- 
mum transistor  beta  assumed  in  the  design 
was  10,  i.e.,  the  circuits  would  continue  to 
operate  as  designed  for  betas  as  low  as  10 
in  the  transistors.  (All  transistors  actually 
used  had  betas  of  greater  than  30.) 

3.  Parts  Tolerance — Within  ±5  percent  of 
design  value  following  preconditioning.  All 
circuits  were  designed  to  operate  reliably 
with  a drift  not  to  exceed  ±10  percent  from 
the  design  value. 

Power  consumption  was  minimized  within 
limits  consistent  with  reliable  design.  Since 
the  majority  of  the  transistors  in  the  com- 
mand control  unit  were  operated  in  either  a 
saturated  or  cut-off  condition,  the  minimum- 
beta  assumption  resulted  in  more  drive  cur- 
rent being  supplied  than  required.  This  pro- 
vided an  added  reliability  margin;  and  the 
additional  power  required  was  not  significant 


in  relation  to  over-all  spacecraft  require- 
ments. 

Control  Box  Description 

A block  diagram  of  command  control  cir- 
cuits, illustrating  the  operational  description 
of  the  command  control  box  is  shown  in  Fig- 
ure 7-16) ; a functional  listing  of  commands 
is  provided  in  Table  7-1.  Note  that  input 
lines  are  paired,  with  redundant  signals  sup- 
plied from  the  two  decoders.  The  flip-flop 
inverts  incoming  data : the  number  1 output 
(upper  line)  is  negative  and  number  2 (lower 
line)  is  positive  when  the  number  1 input  is 
positive.  Similarly,  both  the  level-detector 
and  power-switch  circuits  invert  the  relative 
polarity:  grounding  the  input  results  in  a 
positive  output  while  a positive  input  (above 
+6.8  vdc)  results  in  zero  output. 

Command  Inputs  to  the  Command  Control  Unit 

Each  of  the  ten  input  channels  of  the  com- 
mand control  unit  served  two  commands,  re- 
ceiving inputs  and  producing  corresponding 
outputs : 

1.  Input  Channel  1 — A positive  input  pulse, 
the  Load-Cutoff-Normal  signal,  resulted  in 
an  open  circuit  (to  ground)  on  the  output 
lead.  A negative  input  pulse,  the  Load-Cutoff- 
Override  signal,  resulted  in  a short  circuit 
to  ground  on  the  output  lead. 

2.  Input  Channel  2 — A positive  input  pulse, 
the  Transponder  1 ON  signal,  provided  a 
signal  of  zero  volts  to  turn  on  the  regulated 
supply.  A negative  input  pulse,  the  TV  ON- 
Phone  OFF  signal,  reversed  the  polarity  of 
the  voltages  supplied  to  the  wideband  system 
diode  mode  gate. 

3.  Input  Channel  3 — A positive  input  pulse, 
the  Transponder  2 ON  signal,  provided  a 
signal  of  zero  volts  to  turn  on  the  regulated 
supply.  A negative  input  pulse,  the  Phone 
ON-TV  OFF  signal,  provided  the  opposite 
polarity  to  the  wideband  system  diode  mode 
gate. 

4.  Input  Channel  h — A positive  input  pulse, 
the  Transponders  1 and  2 OFF  signal,  pro- 
vided a 6 vdc  output  level  signal  to  turn  off 
both  regulated  power  supplies  for  the  trans- 
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FIGURE  7-16, — Command  control  unit,  functional  block  diagram, 
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ponders.  A negative  input  pulse,  the  Trans- 
mitter No,  1 OFF  signal,  removed  input 
power  from  telemetry  tranmitter  No.  1. 

5.  Input  Channel  5 — A positive  input  pulse, 
the  Radiation  Experiment  OFF  signal,  pro- 
vided +6  vdc  output  signal  to  remove  power 
from  the  radiation  experiment  regulated  sup- 
ply. A negative  input  pulse,  the  Transmitter 
No.  2 OFF  signal,  removes  input  power  from 
telemetry  transmitter  No.  2. 

6.  Input  Channel  6 — A positive  input 
pulse,  the  Radiation  Experiment  ON  signal, 
cuts  off  the  radiation  experiment  regulator. 
A negative  input  pulse,  the  Transmitters 
No.  1 and  No.  2 ON  signal,  provided  4-28 
vdc  power  input  to  each  of  the  telemetry 
transmitters. 

7.  Input  Channel  7 — A positive  input  pulse, 
the  Telemetry  Encoder  ON-Horizon  Scanner 
OFF  signal,  provided  +28  vdc  to  the  telem- 
etry encoder,  and  removed  power  from  the 
horizon  scanner  and  subcarrier  oscillator.  A 
negative  pulse,  the  Telemetry  Encoder  OFF 
signal,  removed  power  from  the  telemetry 
encoder. 

8.  Input  Channel  8 — A positive  input  pulse, 
the  Horizon  Scanner  ON  and  Telemetry  En- 
coder OFF  signal,  provided  +28  vdc  input 
power  to  the  Horizon  Scanner  and  Subcarrier 
Oscillator,  and  removed  power  from  telem- 
etry encoder.  A negative  pulse,  the  Horizon 
Scanner  and  Attitude  Control  OFF  signal, 
removed  power  from  the  horizon  scanner  and 
subcarrier  oscillator,  and  inhibited  a flow  of 
current  in  the  attitude  control  coil. 

9.  Input  Channel  9 — A positive  input  pulse, 
the  Modulate  Transmitter  No.  1 signal, 
grounded  the  modulation  input  to  telemetry 
transmitter  No.  2 and  ungrounded  the  input 
to  transmitter  No.  1.  A negative  pulse,  the 
Current-Coil-Positive  signal,  supplied  a posi- 
tive direction  current  to  the  attitude  control 
coil. 

10.  Input  Channel  10 — A positive  input 
pulse,  the  Modulate  Transmitter  No.  2 signal, 
grounded  the  modulation  input  to  telemetry 
transmitter  No.  1 and  ungrounded  the  input 
to  transmitter  No.  2.  A negative  pulse,  the 
Current-Coil-Negative  signal,  supplied  a neg- 


ative direction  current  through  the  attitude 
control  coil. 

Other  Signals 

Signals  utilized  by  the  command  control 
unit  which  did  not  originate  in  the  decoder 
and  were  applied  to  other  than  the  input 
channels  were: 

1.  Third  Stage  Separation  Indicator — The 
signal  supplied  was  a switch  closure.  The 
output  was  supplied  to  telemetry  as  a +5V 
signal  prior  to  separation  and  zero  volts  after 
separation. 

2.  Zero-signal  Shutdown  Circuit — An  in- 
put of  +22.5  vdc  (nominal)  was  supplied 
immediately  following  the  3-minute  TWT 
warm-up  period  in  the  transponder  to  op- 
erated two-minute  timer.  The  timing  cycle 
was  initiated  as  soon  as  the  carrier  was  lost 
in  the  transponder  IF  amplifier.  At  the  end 
of  the  timing  cycle,  the  wide-band  subsystem 
was  turned  off. 

3.  Voltage  Sensor  — The  voltage  sensor 
supplied  a negative  pulse  to  turn  off  the  trans- 
ponders if  the  battery  voltage  fell  below  a 
predetermined  level.  This  function  could  be 
inhibited  by  the  load-cutoff  override  circuit. 

4.  Telemetry  Data — Signals  from  either 
the  telemetry  encoder  or  the  horizon  scanner 
and  subcarrier  oscillator  were  fed  to  the 
transmitter  modulation  gate.  The  gate  de- 
termined which  transmitter  was  to  be  modu- 
lated. 

5.  Remove  Start  Switch — The  remote  start 
switch  delayed  application  of  +12  vdc  to  the 
appropriate  input  of  each  flip-flop  circuit 
until  the  flip-flops  were  in  the  desired  initial 
turn-on  state.  Once  in  orbit,  this  circuit  was 
inhibited. 

Command  Control  Box  Packaging 

Early  design  attempts  favoring  the  stack- 
ing of  four  printed  circuit  boards  were  ruled 
out  by  the  volume  restrictions  placed  on  the 
command  control  unit  (4  X 4 X 21/2  inches) . 
The  final  unit  package  consisted  of  three  high 
component  density,  printed  circuit  boards 
stacked  on  top  of  each  other,  and  is  shown 
in  Figure  7-17 ; the  three  boards  are  shown 
in  Figure  7-18. 
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Testing 

The  command  control  unit  was  subjected 
to  the  same  schedule  of  environmental  testing 
required  of  all  subsystems  and  components 
in  the  Relay  I spacecraft.  During  these  tests, 
all  inputs  and  loads  to  the  command  control 
box  were  simulated  and  operational  tests  per- 
formed. During  the  tests,  the  unit’s  perform- 
ance was  satisfactory. 


Figure  7-18. — Command  control  unit  printed  circuit 
boards  wired  in  harness. 
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Chapter  8 


The  Spacecraft  Power  Supply  System 


INTRODUCTION 

General 

The  Relay  I power  supply  was  a solar- 
array,  storage-battery  system  with  control 
and  protective  devices.  Solar  cells  converted 
solar  radiation  to  electrical  energy  while  the 
spacecraft  was  illuminated  by  the  sun  but 
during  eclipse  periods  power  was  supplied 
by  the  storage  battery.  Battery  power  was 
also  used  to  supplement  solar  power  when 
necessary. 

Spacecraft  Loads 

In  orbit,  it  was  planned  that  one  telem- 
etry transmitter,  the  command  receivers, 
and  the  command  decoders  would  operate 
continuously.  All  other  loads  were  to  be  com- 
manded only  when  required. 

The  four  major  spacecraft  load  systems 
were: 

1.  Continuous  loads : 10.4  watts  at  28  volts 

2.  Telemetry  loads : 7.3  watts  at  28  volts 

3.  Radiation  experiment  loads : 4.25  watts 
at  22.5  volts ; 1.25  watts  at  28  volts 

4.  Microwave  communications  loads:  85.6 
watts  at  22.5  vols;  1.6  watts  at  28.0  volts 

The  four  major  modes  of  operation  planned 
were: 

(1)  continuous  loads  only; 

(2)  continuous  plus  telemetry  loads; 

(3)  continuous,  telemetry,  and  radiation 
experiment  loads ; 

(4)  continuous,  telemetry  and  microwave 
communication  loads. 


The  nominal  current  required  from  the  so- 
lar array  and/or  battery  to  support  these 
four  modes  of  operation  are  shown  below : 

1.  Mode  1:  0.372  amperes 

2.  Mode  2:  0.630  amperes 

3.  Mode  3:  0.860  amperes 

4.  Mode  4:  4.440  amperes 

The  power  supply  system  was  designed  to 
allow  a minimum  of  100  minutes  of  micro- 
wave  communication  per  day  under  the  fol- 
lowing conditions : 

1.  Orbital  period:  150  minutes 

2.  Maximum  eclipse  time : 40  minutes 

3.  Microwave  transmission  during  eclipse : 
20  minutes  in  each  of  two  successive  orbits 

4.  Sun  angle : 90  ± 15  degrees 

5.  Maximum  transmission  time  per  orbit : 
36  minutes 

6.  Telemetry  operation : beginning  10  min- 
utes before  and  continuing  through  10  min- 
utes after  each  microwave  transmission 
period. 

A typical  three -orbit  program  defined 
above  is  shown  in  Figure  8-1. 

There  was  no  restriction  against  other 
programs.  The  capability  of  the  power  sup- 
ply allowed  programming  flexibility  and 
microwave  communication  could  exceed  100 
minutes  per  day,  if  sufficient  time  for  battery 
recharge  was  allowed  between  transmissions. 
While  orbiting  in  sunlight,  allowable  micro- 
wave  communication  time  was  about  seven 
hours  per  day,  provided  continuous  trans- 
mission time  was  less  than  90  minutes  and 
sufficient  battery  recharge  time  was  allowed 
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Figure  8-1 —Typical  three  orbit  load  profile. 


between  transmissions.  As  the  output  of  the 
solar  array  decreased,  due  to  radiation  dam- 
age, the  maximum  allowable  programming 
was  also  reduced.  Figure  8-2  shows  the 
approximate  relation  between  solar -array 
degradation  and  maximum  permissible  mi- 
crowave system  operation  times  for  100-per- 
cent suntime  orbits. 

Design  Considerations 

The  design  philosophy  of  the  Relay  I pow- 
er supply  was  to  provide  a basic  system  with 
redundancy,  whenever  possible  and  practical. 
This  followed  the  basic  Relay  design  in  which 
two  microwave  communication  systems,  com- 
pletely separate  except  for  a common  an- 
tenna, were  provided.  Where  redundancy 
was  provided,  fault  isolation  techniques  were 
utilized  to  isolate  defective  components.  For 
example:  three  battery  strings  were  pro- 
vided, each  with  its  own  charge  controller 
and  discharge  diode,  and  circuitry  to  prevent 
charging  a failed  battery. 

Each  microwave  communication  system 


Figure  8-2. — Effect  of  solar  array  degradation  on 
permissible  duration  of  microwave  repeater  opera- 
tion. 


had  its  own  voltage  regulator,  designed  to 
turn  off  in  the  event  of  a short  circuit  in 
that  system.  A separate,  low-power  voltage 
regulator  supplied  power  for  radiation  ex- 
periments. 

Description  of  Power  System 

Silicon  solar  cells  were  the  primary  power 
source  in  the  Relay  I power  system.  A 
nickel-cadmium  battery  provided  power  for 
peak  loads  and  eclipses.  A block  diagram  of 
the  power  system  is  shown  in  Figure  8-3. 

The  solar  array  consisted  of  8215  1x2- 
cm,  P-on-N,  cells.  The  cells  were  assembled 
in  5-cell  shingles.  These  were  then  bonded 
to  the  eight  solar  panels  which  formed  the 
sides  of  the  spacecraft.  The  diode,  Dl,  rep- 
resents the  16  blocking  diodes  which  prevent 
loading  of  the  solar  bus  by  a fault  in  any  of 
the  16-plane  sections  of  the  solar  array.  The 
one-year  timer  was  employed  to  disconnect 
the  solar  array  from  the  bus  after  one  year 
in  orbit. 

The  voltage  limiter  was  a shunt  regulator 
which  prevented  the  occurrence  of  solar  bus 
voltage  in  excess  of  38.0  volts.  The  three 
storage  batteries  were  charged  through  their 
respective  charge  controllers.  Bypass  diodes 
allowed  the  batteries  to  discharge  into  the 
unregulated  bus  when  required  by  peak  loads 
or  eclipses.  The  low-voltage  load  cutoff 
sensed  the  voltage  of  the  unregulated  bus  and 
would  turn  off  the  microwave  systems  if  the 
voltage  fell  below  a pre-set  level.  Each 
microwave  system  was  powered  at  22.5  volts 
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Figure  8-3. — Simplified  block  diagram  of  Relay  I power  system. 


from  its  respective  high-power  regulator. 
The  low-power  regulator  supplied  power  at 
22.5  volts  to  a number  of  the  radiation  ex- 
periments. Other  spacecraft  systems  were 
connected  directly  to  the  unregulated  bus. 

Telemetry 

Twenty  channels  of  telemetry  provided  in- 
formation on  power  supply  operation.  In- 
cluded were  the  following: 

1.  Solar-bus  voltage 

2.  Battery  voltages  (3) 

3.  Total  battery  current 

4.  Solar-panel  temperatures  (4) 

5.  Battery  temperatures  (6) 

6.  Battery  pressure 

7.  Regulated  voltages  (3) 

8.  Voltage  limiter  current. 

Subsystem  Testing 

Following  all  environmental  tests,  the 
power  supply  subsystem,  except  the  solar 
panels,  was  given  a final  test.  The  various 
components  were  connected  together  by  a 
harness  which  duplicated  the  interconnec- 
tions of  the  spacecraft  harness. 


The  subsystem  was  operated  through  sev- 
eral simulated  orbits,  with  a power  supply 
replacing  the  solar  array.  All  possible  load 
and  operating  conditions  were  simulated  to 
ensure  that  no  undesired  interaction  existed 
between  the  components.  The  proper  opera- 
tion of  the  battery  high-temperature,  trickle- 
charge  circuits ; the  battery  low-voltage, 
trickle-charge  circuits  ; and  the  low-voltage, 
load-cutoff  circuits  were  verified.  In  addition, 
all  telemetry  readout  voltages  were  com- 
pared with  measured  values  and  verified  to 
be  within  the  specified  accuracy. 

SOLAR  ARRAY 
Introduction 

The  function  of  the  solar-cell  array  was  to 
provide  primary  power  for  the  spacecraft 
during  its  lifetime.  The  array  performed 
this  function  by  direct  conversion  of  solar 
energy  to  electrical  energy,  using  light-sensi- 
tive, silicon,  solar  cells.  Energy  from  the 
array  was  fed  directly  to  the  loads  or  di- 
verted to  the  storage  battery  during  light- 
load conditions.  Power  requirements  under 
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peak-load  conditions  were  met  by  utilizing 
energy  from  the  storage  battery  in  conjunc- 
tion with  energy  from  the  solar  array. 

Design  Objective 

The  amount  of  radiation  damage  expected 
in  space  was  not  finitely  known.  Therefore, 
the  overall  design  objective  was  to  provide 
maximum  power  and  greatest  possible  pro- 
tection against  radiation  damage,  within 
reasonable  weight  limitations. 

Design 

Cell 

Boron-doped,  P-on-N,  silicon,  1 X 2-cm  so- 
lar cells  were  selected  for  the  array.  Each 
cell  had  a 0.040-inch  positive  strip  alpng  one 
2-cm  edge  and  the  negative  surface  was  cov- 
ered with  a solder  coating.  Grid  lines  on  the 
positive  surface  and  the  solder  coating  on 
the  negative  surface  reduced  the  internal  re- 
sistance of  the  cell  and  provided  higher  effi- 
ciency. 

Shingle 

Five  solar  cells  were  soldered,  in  series,  to 
make  a shingle.  Maximum  dimensions  for 
each  shingle  were  1.800  inches,  in  length  by 
0.798  inch  in  width.  The  thickness  of  any 
shingle,  including  filter,  was  0.125  inch  maxi- 
mum. Positive  and  negative  tabs,  formed 
from  0.016-inch,  silver-plated  copper  wire, 
were  soldered  to  the  shingle.  The  shingles 
were  specified  to  be  9.6  percent  efficient  in 
space. 

Filter 

The  cover  material  for  the  cells  was  se- 
lected after  considering  several  factors.  But 
the  two  best  materials  considered  for  the 
application  were  sapphire  and  fused  silica 
(Corning  7940).  Properties  of  the  two  ma- 
terials which  influenced  the  selection  are 
listed  in  Table  8-1. 

The  advantages  of  fused  silica  were  its 
higher  transmission  and  emissivity  as  com- 
pared to  sapphire.  Cost  of  fused  silica  was 
approximately  half  that  of  sapphire.  The 
lower  density  of  fused  silica  required  that 
the  thickness  be  doubled  to  obtain  radiation 
protection  equivalent  to  that  of  sapphire  at 


Table  8-1. — Solar -Cell  Cover  Properties 


Property 

Sapphire 

Fused  silica  (Corning  7940) 

Density 

3.98  grams/cm3 

2.202  grams/cm3 

Specific  heat 

.18  calories/gram 

.16  calories /gram 

Percent  transmission 
(room  temperature) 

(0°  to  20°  c) 

(0°  C to  25°  C) 

0.4  to  1 .1  microns 

Thermal  conductivity 
(cal /sec)  (cm^) 

85% 

93% 

(°C/cm)__ 

Radiation  protection 

0.065  at  100°C 

0.0032  at  25°C 

equivalence 

30  mils  thick 

30  mils  thick 

approximately  the  same  weight. 

Fused  silica  was  therefore  selected  as  the 
filter  material,  and  an  ultraviolet  filter  coat- 
ing was  applied  to  the  surface  and  bonded 
to  the  cell.  Properties  of  the  filter  coating 
are  listed  in  Table  8-2.  The  two-centimeter 


Table  8-2. — Solar-Cell  Filter  Transmission  Properties 


Wavelength,  millimicrons 

Transmission 

300  to  370  

1%  maximum 
50%  average 
90%  minimum  average 
90%  minimum  average 

380  to  420 

500  to  1000 

600  to  800 

edges  of  each  filter  were  polished  to  decrease 
shading  of  the  cell  when  the  angle  of  inci- 
dence of  the  sun  vector  was  not  normal  to 
the  cell. 

Panel  Substrate 

The  solar  array  for  the  spacecraft  con- 
sisted of  eight  panels  of  aluminum  honey- 
comb construction  (see  Figure  8-4).  Each 
panel  was  composed  of  a rectangular  section, 
11.025  inches  wide  by  16.45  inches  long,  and 
an  isosceles  trapezoidal  section  whose  base 
was  11.025  inches;  its  upper  side  was  7.756 
inches  long,  and  its  height  was  15.75  inches. 
Four  of  the  eight  panels  contained  cut-outs 
in  the  rectangular  section  which  decreased 
the  area  available  for  the  solar  array.  The 
total  projected  area  of  the  solar  array,  at  a 
sun  angle  of  90  degrees,  varied  between  5.4 
and  5.8  square  feet  as  the  spacecraft  rotated 
about  its  spin  axis.  The  total  solar-array 
weight  was  32.42  pounds. 
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Figure  8-4.— Relay  I solar  panel. 


Array  Arrangement 

A total  of  75  solar  cells  connected  in  series 
were  required  to  provide  the  proper  voltage 
for  charging  the  batteries  and  supplying  the 
load.  The  75  series-connected  cells  provided 
a safety  factor  to  ensure  that  voltage  output 
would  be  sufficient  during  the  specified 
spacecraft  life.  Fifteen  5-cell  shingles  were 
connected  in  series  to  provide  the  desired 
voltage.  The  shingles  were  arranged  on  the 
panel  so  that  several  series  strings  were  con- 
nected in  parallel  at  each  potential  level  for 
increased  reliability. 

All  panels  without  cutouts  had  a total  of 
206  five-cell  shingles  and  4 each  of  two  and 


three-cell  shingles  for  an  equivalent  of  210 
five-cell  shingles.  Two  and  three-cell  shingles 
were  used  on  the  trapezoidal  section  of  the 
panels  for  more  efficient  utilization  of  avail- 
able panel  area.  Based  on  the  maximum 
shingle  dimensions  of  1.800  by  0.798  inches, 
the  average  packing  factor  for  the  entire 
spacecraft  was  91.7  percent. 

Array  Assembly 

Each  panel  was  carefully  cleaned  with 
acid  etch  solution  and  then  neutralized  as  the 
first  step  in  assembly.  A coating  of  insu- 
lating material  (SMP  62/63)  was  then  ap- 
plied to  the  cleaned  surface  to  a thickness 
of  approximately  0.008  inch.  Primer  (Gen- 
eral Electric  SS-4004)  was  applied  to  the 
insulated  surface  of  the  panel  and  the  solder 
surface  of  the  shingle.  The  shingles  were 
then  bonded  to  the  panel,  using  silicone-base, 
room-temperature,  vulcanizing  rubber. 

Shingle-to-shingle,  series-parallel  connec- 
tions were  made,  using  silver  plated,  0.016- 
inch  diameter  copper  bus  wire.  Leads  were 
provided  from  the  arrays  on  the  rectangular 
and  trapezoidal  sections  of  the  panel  to 
blocking  diodes  on  the  rear  surface  of  the 
panel.  Diodes  were  provided  for  each  panel 
section  to  prevent  any  loss  to  shorted  or 
non-illuminated  panels.  A connector  is  pro- 
vided on  each  panel  to  facilitate  installation 
on  the  spacecraft. 

Array  Power  Output 

Theoretical 

The  theoretical  power  from  the  solar  ar- 
ray, under  illumination  by  an  equivalent  air 
mass  zero  spectrum,  and  at  a temperature  of 
27  degrees  centigrade,  was  calculated  for 
each  of  the  two  projected  array  areas  at  the 
optimum  angle  between  the  sun  vector  and 
the  surfaces  of  the  array.  The  following 
assumptions  were  made  in  the  calculation: 

1.  Power  output  was  a function  of  the 
cosine  of  the  angle  between  the  normal  to 
the  sun  vector  and  the  solar  array. 

2.  Shingle  efficiency  was  9 percent. 

3.  Power  output  from  the  trapezoidal  sec- 
tions of  each  panel  was  equal  to  10.7  watts. 
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4.  Power  output  from  the  rectangular  sec- 
tion of  each  panel  was  uniform  and  equal  to 
13.75  watts. 

Deferm/ncrfion  of  Optimum  Sun  Angle 

The  parameters  used  to  determine  the  op- 
timum sun  angle  for  the  solar  array  as  shown 
in  Figure  8-5.  The  optimum  sun  angle  was 
determined  as  follows : 


SPIN  AXIS 


Pfi  = POWER  FROM  RECTANGULAR  SECTION 
PT  = POWER  FROM  TRAPEZOIDAL  SECTION 

p = ANGLE  BETWEEN  NORMAL  TO  SUN  VECTOR  AND  SPIN  AXIS  OF  SPACECRAFT  (SUN  ANGLE) 
a = ANGLE  BETWEEN  RECTANGULAR  AND  TRAPEZOIDAL  SECTIONS  OF  ARRAY 

P = PR  COS  p + PT  COS  (a  - p) 

3jS  =PrSINP-Pt  [if  - l]  SIN  (a  - p)  ; =0 

=-PR  SIN  p + PT  SiN(a-p) 

TO  FIND  MAXIMUM  POWER,  SET  = 0 
dp 

PR  SIN  p = PT  SIN  (a-p) 

PR  SIN  p = PT  (SIN  a COS  p - COS  a SIN  p) 

PR  /PT  = SIN  a COT  p - COS  a 
COT  P=Pg  /Pt  + COS  a 

COT  P =13.75/10.7  4 .968  =?  Q 

.25 

P = 6 .33° 

THE  OPTIMUM  ANGLE  BETWEEN  THE  SUN  VECTOR  AND  SPIN  AXIS  IS  83.67°  , 

Figure  8-5. — Solar  array  sun  angle  parameters. 

Assuming  that  the  power  output  of  the 
array  can  be  considered  as  the  average  of 
the  values  obtained  for  the  two  positions 
relative  to  the  sun  vector  indicated  in  Fig- 
ure 8-6,  the  following  analysis  will  apply: 

P - i/2[(PBcos  6.33°+Prcos  8.14)(l+2cos  45°) 
+ (2  cos  22.5°+cos  67.5°)  (PR cos  6.33° 

+Prcos  8.14°)] 

_ (2.414+2.612)[(13.75)(.994)-f  (10.7)(.99)] 
F~  2 


Figure  8-6. — Top  view  of  solar  array. 


P=  (2.513)  (13.7  + 10.69) 

P average  = 61.0  watts  at  33  volts 

Tungsten  Measurements 

The  power  output  of  each  panel  assembly 
was  measured  under  tungsten  illumination 
with  the  angle  of  incidence  normal  to  the 
section  of  panel  under  test.  The  light  source 
was  2800°K  ± 50°K  color-temperature,  tung- 
sten, reflector-type,  sealed  lamps.  The  in- 
tensity of  illumination  at  the  surf  ace  of  the 
array  was  100  _fc  10  milliwatts  per  square 
centimeter  as  determined  by  an  approved 
standard  cell.  The  minimum  outputs  when 
measured  at  a temperature  of  no  lower  than 
26 °C  at  34.5  volts  were  at  least: 

1.  Trapezoidal  section,  all  panels : 8.0  watts 

2.  Rectangular  section  with  8 fifteen- 
shingle  strings : 10.7  watts 

3.  Rectangular  section  with  less  than  8 
fifteen-shingle  strings : 9.3  watts 

Sun/igfif  Measurements 

The  solar  panels  were  assembled  on  a sat- 
ellite structure  and  illuminated  under  sun- 
light. Panel  temperature  during  illumination 
was  approximately  35  degrees  centigrade. 
Solar  intensity,  measured  with  a pyrheliom- 
eter,  was  92  milliwatts  per  square  centi- 
meter. Current-voltage  curves  were  made 
with  the  angle  of  incidence  normal  to  the 
spin  axis  of  the  structure.  Seventeen  curves 
were  plotted  with  the  initial  and  final  curves 
indicating  the  power  output  of  the  array 
with  the  sun  vector  bisecting  the  angle  be- 
tween panels  2 A and  3 A (see  Figure  8-7). 
The  other  curves  were  plotted  with  the  struc- 
ture rotated  in  22.5-degree  steps,  thus  alter- 
nately illuminating  three  or  four  panels. 
Figure  8-7  shows  the  current-voltage  curve 
for  measurement  number  11  and  is  typical 
of  all  the  current-voltage  curves. 

Table  8-3  shows  the  current  at  38.0  volts, 
the  short  circuit  current  and  the  open  circuit 
voltage  taken  from  the  17  current-voltage 
curves. 

STORAGE  BATTERY 
General 

The  storage  battery  supplied  power  during 


AMPERES 
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the  expected  temperature  range  of  0°C  to 
32°C. 


Battery  Capacity 

The  battery  was  required  to  meet  the  re- 
quirements of  the  load  profile  shown  in  Fig- 
ure 8-1  with  a maximum  depth  of  discharge 
of  50  percent.  Figure  8-8  shows  the  battery 
charge-discharge  cycle  for  the  load  profile  of 
Figure  8-1  with  nominal  solar  array  current 
of  1.5  amperes. 

The  required  ampere-hour  capacity  was 
determined  as  shown  below: 

ampere-hour  capacity  required  •=£  gQ^j-5 

where 

Dd  — maximum  depth  of  discharge  in 
ampere  minutes 
60  — minutes  per  hour 
0.5  = 50  percent  maximum  depth  of 
discharge 

From  Figure  8-8,  Dd  was  found  to  be  209 
ampere  minutes.  Ampere-hour  capacity  re- 


Figure  8-7. — Typical  solar  array  I-V  curve. 


Table  8-3. — Solar-Array  Output  Measurements 


Position 

I @ 33  v 
(amperes) 

I sc 

(amperes) 

Voc 

(volts) 

1 

1.41 

1.68 

41.0 

2 

1.31 

1,55 

41.0 

3 

1.37 

1.65 

41.0 

4 

1.28 

1.49 

41,5 

5 

1.37 

1.61 

41.5 

6 

1.29 

1.49 

41.5 

7 

1.43 

1.65 

41.5 

8 

1.34 

1.52 

42.0 

9 

1.43  I 

1.69 

41.5 

10 

1.38 

1.60 

41.5 

11 

1.42 

1.68 

41  i0 

12 

1.33 

1.52 

41.5 

13 

1.38 

1.64  | 

41.5 

14 

1.28 

1.56  i 

41.5 

15 

1.39 

1.66 

41,5 

16 

1.31 

1.52 

41.5 

17 

1.41 

1,69 

41.5 

eclipses  and  during  peak  load  periods,  such 
as  wideband  communication.  The  battery 
was  recharged  by  the  solar  array. 

Sealed  nickel-cadmium  cells  were  selected 
for  the  Relay  power  system  as  they  are 
capable  of  accepting  continuous  overcharge 
and  providing  long  life  when  operating  in 


quired  was  therefore:  - or  6.97  am- 

60  X 0.5 

pere  hours. 

Since  the  battery  consisted  of  three  paral- 
lel strings  of  cells,  the  individual  cell  capa- 

3 

city  required  was : ^ ^ or  2.32  ampere  hours. 

To  provide  a margin  of  reserve  capacity, 
a cell  with  a capacity  of  2.75  ampere-hours, 
at  room  temperature,  and  a discharge  cur- 
rent of  1.5  amperes,  was  selected. 

Battery  Design 

The  Relay  battery  system  had  three  bat- 
tery circuits  with  20  cells  in  series  in  each 
circuit.  Each  battery  was  individually 
charged  from  the  solar  array  through  sep- 
arate charge  controllers  shown  in  Figure  8-3. 

The  maximum  battery  charging  current 
was  limited  to  approximately  0.5  amperes 
by  the  charge  controllers.  Temperature- 
sensing  thermistors  were  physically  con- 
nected to  two  cells  in  each  battery  circuit. 
If  either  of  these  elements  exceeded  90°F, 
the  charging  current  to  this  particular  cir- 
cuit dropped  to  a maximum  of  50  ma.  There 
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was  also  one  cell  in  each  battery  circuit 
equipped  with  a pressure  switch  set  to  oper- 
ate at  about  500  psi.  Operation  of  a pressure 
switch  also  lowered  the  charging  current  of 
that  particular  battery  circuit  to  50  ma 
maximum.  There  was  one  other  charge- 
limiting  feature.  The  maximum  solar  array 
voltage  at  the  charging  system  input  was 
limited  to  33.0  volts  by  the  voltage  limiter 
(also  shown  in  Figure  8-3). 

Before  maximum  charging  commences* 
(trickle  charging  is  always  present)  the 
battery  voltage  is  sampled  and,  if  the  total 
voltage  is  not  above  25  volts,  the  trickle 
charge  is  maintained.  The  trickle  charge 
continues  until  the  total  battery  circuit 
reaches  25  volts  at  which  time  the  current 
rises  toward  its  maximum  of  0.5  amps.  This 
feature  is  included  to  prevent  charging  a 


shorted  or  partially  shorted  battery  circuit. 

During  eclipse,  or  peak  load  periods,  the 
batteries  discharge  to  the  unregulated  bus 
through  separate  diodes. 

Celt  Description 

The  battery  cells  are  sintered-plate,  nickel- 
cadmium  type.  The  negative  plates  consist  of 
sintered,  porous  nickel  impregnated  with 
cadmium-hydroxide  active  material.  The 
positive  plates  are  likewise  sintered,  porous 
nickel  plates,  but  are  impregnated  with  the 
nickel-hydroxide  active  material.  Positive 
and  negative  plates  are  separated  and  in- 
sulated from  each  other  by  a cellulose  sepa- 
rator. The  positive  plates,  negative  plates, 
and  separator  are  spirally  wound  and  placed 
in  a cylindrical  cell  case,  hermetically  sealed 
by  heliarc  weld.  The  positive  terminal  of 
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the  cell  is  insulated  from  the  negative  cell 
cover  by  a ceramic  annular  disk  brazed  to 
the  terminal  and  cover. 

The  cell  diameter  is  1.272  to  1.296  inches; 
the  overall  length,  including  terminals,  is 
2.950  to  2.990  inches;  and  the  weight  is  145 
to  163  grams.  At  temperatures  between  25° 
and  30°C  this  cell  has  an  electrical  capacity 
of  2.75  ampere-hours  when  discharged  at 
1.50  amperes  to  a final  voltage  of  1.20  v. 

The  nickel-cadmium  cells  were  procured 
from  the  Sonotone  Corporation  of  Elmsford, 
New  York.  Sonotone  tested  the  cells  prior 
to  delivery.  These  tests  consisted  of  a vibra- 
tion test,  a 0°C  electrical  capacity  test,  a 
minimum  of  one  25°C  electrical  capacity  test, 
an  internal-resistance  test,  an  internal-short 
test,  and  an  electrolyte  leak  test. 

At  RCA,  the  cells  were  subjected  to  an 
electrolyte  leak  test,  60  hours  of  charge- 
discharge  cycling  at  25°C,  8 hours  of  cycling 
at  +5°C,  a post-cycling  discharge,  and  a 
final  electrolyte  leak  test.  The  charge-dis- 
charge cycling  followed  the  schedule  shown 
in  Table  8-4. 

It  was  required  that  all  cells  remain  be- 
tween the  voltage  limits  of  1.60  and  1.20 
during  cycling,  and  that  during  post-cycling 
discharge,  the  cell  voltage  remain  at  1.20 
(or  higher)  for  a minimum  of  60  minutes. 
Any  cells  exhibiting  erratic  voltage  varia- 
tions during  the  tests  were  rejected. 

Battery  Box  Assembly 

Three  battery  circuits,  totaling  60  cells 
and  their  related  circuitry,  were  contained 
in  two  assemblies,  designated  Battery  Box  1 
and  Battery  Box  2. 

Battery  box  1 (see  Figure  8-9)  contains 


Table  8-4.— Storage  Cell  Charge-Discharge 
Cycling  Schedule 


Operating 

mode 

Duration 

(minutes) 

Current 

(amperes) 

Total  elapsed  time 
(minutes) 

Discharge 

20 

1.00 

20 

Discharge  _ _ 

10 

1.50 

30 

Charge 

50 

0.50 

80 

Discharge 

20 

0.25 

100 

Charge--  __ 

50 

0.50 

150 

30  cells,  10  cells  for  half  of  battery  circuit 

1 (including  one  cell  equipped  with  a pres- 
sure switch) , and  20  cells  for  battery  circuit 

2 (including  one  cell  equipped  with  a pres- 
sure switch).  In  addition,  box  1 includes 
three  battery  and  one  temperature-sensing 
thermistors  and  two  9-volt  Zener  diodes. 
The  diodes  supply  the  power  for  the  ther- 
mistors on  battery  circuits  1 and  2 and  on 
the  structure. 

Battery  box  2 also  contains  30  cells,  10 
cells  for  half  of  battery  circuit  1,  and  20  cells 
for  battery  circuit  3 (including  one  cell 
equipped  with  a pressure  switch) . In  addi- 
tion to  the  three  battery-sensing  thermistors 
and  the  structure  temperature-thermistor, 
box  2 contains  a temperature-thermistor,  lo- 
cated under  the  thermal  controller  which  is 
mounted  on  this  box.  The  resistors  and  a 
9-volt  Zener  diode  are  also  mounted  on  this 
box.  The  diode  supplies  power  for  the  ther- 
mistors on  battery  circuit  3 and  the  struc- 
ture. 

The  cells  are  secured  to  the  battery  boxes 
with  an  alumina-loaded,  epoxy  bonding  com- 
pound. Each  cell  is  bonded  in  a hole  in  either 
the  top  or  bottom  mounting  plates,  sixteen 
cells  being  fixed  to  the  top  plate  and  fourteen 
to  the  bottom  plate.  All  cells,  except  the 
two  end  cells  on  the  top  plate,  are  bonded 
at  the  approximate  center  of  the  cell,  whereas 
these  two  cells  are  bonded  to  the  mounting 
plate  one-eighth  inch  from  the  top  of  the 
cell.  Each  battery  box  is  equipped  with  a 
25-pin  and  a 50-pin  connector.  The  25-pin 
connector  contains  all  the  interconnections 
between  the  battery  box  and  the  spacecraft. 
The  50-pin  connector  is  for  test  purposes 
only  and  is  not  used  in  the  spacecraft.  This 
connector  permits  the  sensing  of  each  cell 
voltage  during  the  testing  of  the  battery 
boxes. 

The  total  weight  of  both  boxes  is  28.73 
pounds. 

BATTERY  CHARGE  CONTROLLER 
Introduction 

The  main  function  of  the  charge  controller 
was  to  limit  the  amount  of  charge  current 
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Figure  8-9. — Relay  I battery  pack. 


to  the  batteries.  Other  functions  performed 
were: 

1.  Allow  battery  current  to  flow  to  power 
supply  loads  whenever  battery  voltages  ex- 
ceed the  solar  bus  voltage. 

2.  Cut  off  battery  charge  currents  when 
the  voltage  falls  below  a pre-set  value,  but 
allow  a small  trickle-charge  current. 

3.  Cut  off  charge  current  to  battery  when 
temperature  or  pressure  of  the  battery  is 
above  pre-set  levels. 

4.  Produce  an  output  pulse  when  the  un- 
regulated bus  voltage  falls  below  a pre-set 
value. 

5.  Provide  a telemetry  voltage  of  each 
battery  voltage  and  of  the  unregulated  bus. 

The  charge  controller  is  located  in  the  cur- 
rent paths  between  the  unregulated  bus  and 
each  of  the  three  batteries.  The  unregulated 
bus  provides  power  to  the  regulators  and  to 
other  directly  connected  loads.  The  solar 
array  provides  primary  power  to  the  unregu- 
lated bus,  part  of  which  goes  to  the  batteries 
through  the  charge  controller.  When  peak 
power  is  required,  or  the  satellite  is  in  eclipse, 
the  batteries  discharge  through  diodes  in 
the  charge  controller  to  the  unregulated  bus. 


Performance  Specifications 

The  performance  requirements  were  as 
follows : 

1.  A battery  charge  current  shall  be  con- 
trolled to  500  ± 100  milliamps,  as  the  un- 
regulated bus  operates  up  to  a maximum  of 
33  volts,  provided  the  battery  terminal  volt- 
age is  1.5  volts  less  than  the  unregulated  bus. 

2.  Battery  low- voltage  cut-off  shall  be  ad- 
justable and  set  for  25.5  volts. 

3.  A 0.2  ma  temperature  or  pressure  (cut- 
off) signal  shall  reduce  the  battery  charge 
current  to  a trickle  charge  current  of  50  ma. 

4.  The  pulse  generator  portion  of  the 
charge  controller  shall  produce  a negative- 
going pulse  of  5 to  7 volts  peak  amplitude 
when  the  unregulated  bus  falls  to  22  dz  0.25 
volts. 

5.  The  telemetry  voltage  output  shall  be 
0 to  5 volts  equivalent  to  0 to  36  volts  for 
each  battery  and  the  unregulated  bus  voltage. 

6.  Operating  temperature  range  shall  be 
0 to  30°C. 

Design  Approach 

The  charge  controller  unit  is  shown  in 
Figure  8-10.  It  has  an  aluminum  mounting 
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Figure  8-10. — Relay  I charge  controller. 


plate  to  which  six  power-transistors  are 
mounted.  Stacked  beneath  are  four  printed- 
circuit  boards,  three  of  which  are  charge 
controllers,  and  the  fourth  is  a pulse  gen- 
erator. The  entire  unit  is  essentially  en- 
closed by  a radiation  shield  of  0.060-inch 
brass.  The  mounting  plate  was  fastened  to 
the  satellite  structure,  facilitating  dissipa- 
tion of  heat  from  the  transistors.  Two  power 
transistors  are  associated  with  each  charge 
controller  circuit,  but  one  is  used  as  a diode 
and  therefore  dissipates  very  little  power. 

The  charge  controller  acts  as  a current 
regulator  when  the  difference  in  voltage  be- 
tween the  unregulated  bus  and  the  battery 
voltage  exceeds  approximately  1.5  volts.  Be- 
low this  voltage  difference,  the  main  pass 
transistor  starts  to  saturate,  reducing  the 
output  current.  A reference  constant  current 
is  produced  by  a combination  of  unregulated 
bus  voltage  and  battery  voltage  into  a dif- 
ferential amplifier  with  one  side  of  the  ampli- 
fier returning  to  a Zener  diode.  This  constant 
current  is  amplified  by  two  emitter-follower 
stages  and  becomes  the  charge  current  to 
the  battery.  The  amount  of  output  current 
is  sensed  in  a resistor  and  fed  back  through 
amplifiers  to  subtract  from  the  constant 
current  source.  All  of  the  various  charge 


current  cut-off  features  act  to  reduce  the 
reference  constant  current  to  zero,  thereby 
reducing  the  output  charge  current  to  mini- 
mum. 

The  pulse  generator  consists  of  a differ- 
ential amplifier  with  a common  connection 
between  the  collector  of  one  transistor  to 
the  base  of  the  other  followed  by  an  emitter 
follower.  The  emitter  follower  is  connected 
to  the  normally-off  transistor  of  the  differ- 
ential amplifier.  When  the  unregulated  bus 
falls  below  22  volts,  the  transistor  switches 
on,  reducing  the  voltage  to  the  emitter  fol- 
lower, which  has  a capacitively  coupled  out- 
put, thus  producing  a pulse. 

One  thermal  problem  involved  designing 
the  proper  heat  sink  for  the  power  transis- 
tors. It  was  decided  to  use  Berlox  wafers 
with  Indium  washers,  the  Berlox  acting  as 
the  electrical  insulators. 

Operational  Description 

Charge  Controller  — The  block  diagram 
(see  Figure  8-11)  shows  various  elements 
of  the  charge  controller.  The  constant  cur- 
rent source  is  shown  in  Figure  8-12.  The 
unregulated  bus  voltage  operates  the  Zener 
diode  CR1  and  turns  on  Ql.  When  the  base 
voltage  on  Q2,  developed  by  the  battery,  is 
sufficient  to  turn  on  Q2,  then  Ql  turns  off. 
The  base  of  Q2  is  clamped  to  the  Zener 
voltage  of  CR1  by  CR2.  The  collector  cur- 
rent of  Q2  is  then  constant.  Battery  voltage 
below  the  desired  level  will  tend  to  turn  Q2 
off,  thereby  achieving  the  low  battery  volt- 
age cut-off  provision.  Temperature  or  pres- 
sure signals  will  turn  on  Q3  thereby  loading 
the  base  of  Q2  and  cutting  off  Q2. 

The  differences  in  current  between  the 
constant  current  and  the  feedback  current  is 
amplified  by  two  transistors  in  a Darlington 
connection  and  fed  to  the  battery. 

The  feedback  amplifier  consists  of  a dif- 
ferential amplifier  and  an  output  transistor. 

Battery  Pressure  and  Temperature  Cut-off 
Circuits — The  battery  pressure  and  tempera- 
ture cut-off  circuits  are  described  in  this 
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Figure  8-11. — Charge  controller,  block  diagram. 


Figure  8-12. — Charge  controller  constant  hjirrent 
source. 

chapter  although  they  are  physically  part 
of  the  signal  conditioner.  Signals  are  re- 
ceived from  the  pressure  and  temperature 
sensor  circuits  in  the  battery  packs  and  the 
output  is  fed  to  the  charge  controller  when 
allowable  pressure  and  temperature  limits 
are  exceeded.  The  output  of  the  circuit  will 
cut  off  battery  charge  currents  when  high 
temperature  or  high  pressure  conditions 
exist. 

The  temperature  cut-off  circuit  consists  of 
two  stages:  The  first  stage  amplifies  the  dc 
signal  from  the  battery  sensor  and  turns  on 
the  second  stage  when  the  input  reaches  a 


predetermined  level.  A small  additional 
change  in  input  level  will  then  saturate  the 
second  stage.  The  output  voltage  of  the 
first  stage  is  adjustable  to  allow  for  exact 
matching  with  each  battery  temperature 
sensor. 

The  battery  pressure  charge  cut-off  cir- 
cuit consists  of  a diode  circuit  connected  in 
parallel  with  the  output  of  the  temperature 
circuit.  The  pressure  signal  input  has  two 
levels,  either  a zero-volt  level  for  normal 
pressure  or  a 9-volt  level  for  high  pressure. 

Pulse  Generator  — The  pulse  generator 
shown  in  Figure  8-13  consists  of  a normally- 
on  stage,  Ql,  and  normally-off  stage,  Q2, 
and  an  emitter  follower,  Q3.  When  the 
unregulated  bus  falls  to  a pre-set  value,  the 
base  voltage  of  Ql  reduces  and  Ql  starts  to 
turn  off.  Since  Q2  base  is  biased  near  the 
same  value  of  Ql,  Q2  starts  to  turn  on  and 
begins  to  saturate,  rapidly  dropping  the  volt- 
age on  the  collector  of  Q2,  which  reduces  the 
base  voltage  on  Ql,  turning  it  off.  The  drop 
in  voltage  on  the  collector  of  Q2  is  coupled 
through  the  emitter  follower  Q3  and  is  the 
output  pulse.  In  order  to  reset  the  circuit, 
the  collector  current  of  Q2  must  be  reduced 
by  turning  off  the  voltage  regulators. 
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Figure  8-13. — Pulse  generator  schematic. 


VOLTAGE  REGULATORS  AND 
VOLTAGE  LIMITER 

General 

All  of  the  regulator  and  limiter  circuitry, 
with  the  exception  of  the  power  transistors, 
is  packaged  in  one  assembly  (see  Figure 
8-14) . The  voltage  regulator  and  the  limiter 
assembly  has  a volume  of  50  cubic  inches  and 
weighs  1.4  pounds. 

The  power  transistors  for  the  voltage 
limiter,  the  low  power  regulator,  and  both 
high  power  regulators  are  mounted  on  the 
spacecraft  mounting  collar  assembly.  This 
location  was  selected  because  it  allows  heat 
from  the  transistors  to  be  radiated  directly 
into  space  without  heating  the  interior  of 
the  spacecraft. 

Stainless  steel  caps  are  bonded  to  the 
transistors  to  protect  them  from  radiation, 
Figure  8-15  shows  the  mounting  collar  as- 


Figurer  8-14. — Relay  I voltage  regulator. 


sembly  before  the  stainless  steel  caps  are 
bonded  on. 

HIGH  POWER  VOLTAGE  REGULATOR 
Introduction 

The  High  Power  Voltage  Regulators  Nos. 
1 and  2,  supply  regulated  voltage  of  +22.5 
volts  ±1  percent  to  wideband  communica- 
tions systems  Nos.  1 and  2,  respectively. 
The  regulators  are  operated  from  the  un- 
regulated bus.  The  power  required  for  wide- 
band system  operation  is  partially  supplied 
by  the  batteries,  therefore  the  unregulated 
voltage  excursions  during  this  time  are  from 
28  volts  to  23.5  volts. 

The  regulators  can  also  be  switched  on 
and  olf;  that  is,  the  power  to  the  wideband 
systems  can  be  supplied  or  interrupted  by 
ground-station  command.  Each  supplies  a 
load  current  of  about  3.5  amperes  when 
switched  on.  The  circuits  are  designed  to 
withstand  50  percent  overload  and  tests  have 
shown  that  100  percent  overload  can  be 
tolerated.  A short-circuit  load  will  turn  the 
regulator  off,  since  the  feedback  drive  is 
interrupted.  This  is  a distinct  advantage  of 
the  collector  output  series  regulator  con- 
figuration and  obviates  the  necessity  for 
complex  protective  circuitry. 

Since  the  major  portion  of  regulator  losses 
occur  in  the  series  path  between  unregulated 
input  and  regulated  output,  no  dropping 
elements  except  the  series  pass  transistors 
were  placed  in  this  path.  This  allows  the 


Figure  8-15. — Collar  assembly. 
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unregulated  voltage  to  fall  to  the  point  where 
the  series  pass  transistor  becomes  saturated 
before  regulation  is  lost.  The  input  voltage 
high  limit  is  set  by  the  battery  discharge 
characteristic  which  starts  at  a level  of  about 
28  volts  and  decreases  fairly  rapidly  to  a 
level  slightly  above  the  transistor  saturation 
point.  The  overall  efficiency  during  the 
period  of  wideband  systems  operation  is 
therefore  very  high. 

Design  Objectives 

The  performance  specifications  of  the  high 
power  voltage  regulator  are  as  follows: 
Input  Voltage — 23.5  to  28.0  vdc 
Output  voltage — -22.5  vdc  ±1% 

Output  current — 0 to  5.5  amperes 
Line  regulation — ±0.2%  under  the  input- 
voltage  conditions  of  23.5  to  28.0  vdc 
Load  regulation — ±0.5%  under  the  out- 
put-current conditions  of  0 to  5.5  amperes 
Ripple  and  noise — 10  mv  RMS 
Line  transient  response — Output  voltage 
shall  recover  to  2 percent  of  nominal  (for 
steps  in  line  voltage  of  ±4  v,  within  the 
input-voltage  limits  of  23.5  to  28.0  vdc) 
within  50  //.secs. 

Load  Transient  response — Output  voltage 
shall  recover  to  2 percent  of  nominal  (for 
step-load  changes  from  0 to  full  load)  within 
100  yu, secs. 

Output  Impedance— 0.2  ohms,  or  less,  over 
a frequency  range  of  0 to  10  kc. 

Polarity— Negative  side  may  be  grounded. 
Temperature  Requirements  — The  unit 
shall  maintain  the  above  electrical  perform- 
ance specifications  while  operating  in  an 
ambient  temperature  of  — 10°C  to  -f-45°C. 

Controls — A level  control  shall  be  provided 
to  adjust  the  output  voltage  to  22.5  vdc  ±1 
percent. 

In  addition  to  the  performance  specifica- 
tions, other  design  objectives  were:  light 
weight  and  small  size  compatible  with  the 
aforementioned  specifications,  low  power 
consumption,  and  high  reliability. 

Design  Approach 

The  high-power  voltage  regulator  block 
diagram  is  shown  in  Figure  8-16.  A series- 


UNREGULATED  REGULATED 


Figure  8-16. — High-power  voltage  regulator,  block 
diagram. 


regulator  configuration  was  chosen  because 
the  battery  flat  discharge  characteristic  al- 
lows high  overall  efficiency  during  wideband 
transmission.  The  requirements  for  regula- 
tion, transient  response,  and  output  imped- 
ance over  a wide  frequency  range  are  much 
easier  to  attain  with  this  configuration  than 
with  a controlled-pulse-width  input  switch- 
ing-regulator. In  addition,  small  physical 
size  and  low  weight  were  realized,  since  large 
L-C  filter  sections  are  not  required. 

The  regulator  consists  of  an  output  volt- 
age sensing  network,  a temperature-  compen- 
sated, Zener  reference  diode,  two  cascaded 
differential  amplifiers,  a parallel  pair  of 
series  pass  transistors  driven  by  a third 
power  transistor  in  a Darlington  connection, 
and  a transistor  switch  to  effect  the  turn-on 
and  off  of  the  regualtor. 

Two  series-pass  transistors,  in  parallel, 
are  used  to  share  the  power  dissipation  and 
also  provide  lower  minimum  voltage  drop 
than  is  obtainable  with  a single  transistor. 
Cascading  two  differential  amplifiers  al- 
lows the  first  amplifier  to  operate  with  a 
balanced  output.  The  net  result  is  increased 
linearity,  due  to  restricted  collector  voltage 
excursions,  and  more  complete  cancellation 
of  Fee  and  /CB o mismatching,  as  a result  of 
temperature  changes.  Temperature  effects 
at  the  input  to  the  first  differential  amplifier 
are  held  to  a very  low  level  by  a temperature- 
compensated  reference  diode,  and  low  tem- 
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perature-coefficient  resistors  in  the  sensing 
network. 

An  effective  method  of  allowing  the  regu- 
lator to  supply  either  0 volts  or  the  regulated 
22.5-volt  level  to  the  load  is  to  produce  an 
open-circuit  in  the  feedback  path.  This  was 
done  by  using  a transistor  as  a switch  and 
placing  it  in  parallel  with  the  input  to  the 
second  differential  amplifier.  Upon  receiv- 
ing the  proper  dc  level  from  the  command 
subsystem,  signifying  an  off  condition,  this 
transistor  becomes  saturated  and  shunts  the 
feedback  drive  to  ground,  effectively  open 
circuiting  the  series  pass  transistor.  When 
the  feedback  drive  is  restored,  the  regulator 
delivers  22.5  volts  to  the  load. 

Operational  Description 

A change  in  output  or  load  voltage,  due  to 
either  load  resistance  or  input  voltage  fluc- 
tuations, is  applied  to  the  input  of  the  first 
differential  amplifier  by  the  resistive  divider 
sensing  network.  A small  load  voltage  change 
appears  as  a large  error  voltage  at  the  input 
to  the  second  differential  amplifier,  since  it 
is  compared  to  the  Zener  reference  voltage 
and  amplified  by  the  first  stage.  The  second 
amplifier  further  amplifies  the  error  and 
produces  a change  in  the  base  drive,  or  bias 
level,  of  the  drive  transistor.  Due  to  the  beta 
multiplication  of  the  Darlington-connected 
driver  and  series  pass  stages,  the  small  cur- 
rent change  at  the  base  of  the  driver  results 
in  a sufficiently  large  change  in  current  to 
the  load  to  restore  the  load  voltage  to  its 
pre-disturbance  level.  The  phase  of  the  error 
signal  is  such  that  negative  feedback  is  in- 
troduced in  a closed  loop. 

Without  internal  gain/phase  compensa- 
tion, these  same  deviations  would  trigger  the 
circuit  into  oscillation.  This  is  because  the 
cutoff  frequencies  of  the  various  transistors 
are  sufficiently  close  to  produce  an  additional 
180°  of  phase  shift  at  a frequency  where  the 
loop  gain  is  greater  than  unity.  Phase-lag 
compensation  networks  in  the  circuit  start 
the  gain  roll-off  at  a frequency  much  lower 
than  the  transistor  cut-off  frequency,  with  a 
controlled  rate  of  decrease.  The  output  capa- 


citor provides  a low  output  impedance  at 
frequencies  beyond  the  point  where  the  nor- 
mal regulator  impedance  increases  because 
of  loop  gain  reduction. 

Equipment  Performance 

The  data  in  Table  8-5  was  taken  from 
a flight  model  high  power  voltage  regulator, 
It  is  considered  typical  data  and  is  included 
to  show  the  performance  versus  specifica- 
tions. 

LOW  POWER  VOLTAGE  REGULATOR 
Introduction 

The  low-power  voltage  regulator  supplies 
-|-22.5  volts,  ± 1 percent,  to  the  radiation 
experiments  loads.  The  regulator  is  sup- 
plied voltage  from  the  unregulated  bus  and 
may  be  operated  during  the  time  the  bat- 
teries are  being  charged  from  the  solar 
array.  For  this  reason,  the  low  power  regu- 
lator must  withstand  input  voltage  excur- 
sions of  23.5  to  34.5  volts. 

This  regulator  can  also  be  commanded  on 
and  off  and  delivers  0 volts  to  the  load  when 
its  output  terminals  are  short-circuited.  The 
regulator  delivers  300  milliamperes  to  the 
load  under  normal  operation  and  is  designed 
to  accept  constant  overloads  of  at  least  50 
percent.  The  major  difference  between  this 
circuit  and  the  high  power  voltage  regulators 
is  increased  load  capability. 

Design  Objectives 

The  performance  specifications  for  the 
Low  Power  Voltage  Regulator  are  as  fol- 
lows: 

Input  Voltage — 23.5-34.5  vdc. 

Output  Voltage — 22.5  vdc  ± 1%. 

Output  Current — 0-0.5  amperes. 

Line  Regulation— ± 0.2  °/o  under  the  input- 
voltage  conditions  of  23.5  to  34.5  vdc. 

Load  Regulation r — ± 0.5  % under  the  out- 
put-current  conditions  of  0 to  0.5  ampere. 

Ripple  and  Noise — 10  mv  RMS. 

Line  Transient  Response — Output  voltage 
will  recover  to  within  2 percent  for  steps 
in  line  voltage  of  ± 5v  within  the  input- 
voltage  limits  of  23.5  to  34.5  vdc. 
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Table  8-5. — High  Power  Voltage  Regulator  Electrical  Test  Data 


Test 

Conditions 

Performance 

Comparison  with 
specifications 

Line  regulation 

Fin=23.5v  to  28v 
(/i=4.5A) 

A Lo  — 14  mv 

Better 

Load  regulation  

Il= 0 to  4.5A 
(Fin=27v) 

AFo  = 31  mv 

Better 

Ripple.  . _ . — _ . - 

Fin=lv  P-P 
© 20  cps 

Vo  = 1 mv  P-P 

Better 

Output 

impedance 

0 to  10  kc 

Zo  < 0.1  £2 

Better 

Transient 

response 

(line) 

A Lin  — 5v  step 

F0  recovers  to 
2%  in  5 jLtsecs 

Better 

Transient 

response 

(load). 

II  = 4.  5A  step 

Fo  recovers  to 
2%  in  75  /isecs 

Better 

Short  circuit 
current. 

R load=0  ohms 

I 

20  ma 

Not  specified 

On/off  control 

Operates 

As  specified 

Temperature 

stability. 

ATamb=45°C 

AF0  = 43  mv 

Better 

Load  Transient  Response — Output  voltage 
will  recover  to  within  2 percent  of  nominal 
for  step  load  change  from  0 to  full  load 
within  100  /xsecs. 

Output  Impedance — 0.2  ohms,  or  less,  over 
a frequency  range  of  0 to  10  kc. 


Polarity — Negative  side  may  be  grounded. 

Temperature  Requirements  — The  unit 
shall  maintain  the  above  electrical  perform- 
ance specifications  while  operating  in  an 
ambient  temperature  of  — 10°C  to  +45°C. 

Controls — A level  control  shall  be  pro- 
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vided  to  adjust  the  output  voltage  to  22.5 
vdc  ± 1 percent. 

An  additional  design  objective  was  to  meet 
the  aforementioned  performance  require- 
ments with  minimum  size  and  weight,  mini- 
mum power  consumption,  and  maximum  re- 
liability. 

Design  Approach  and  Operational  Description 

The  design  approach  and  operation  of  the 
low  power  voltage  regulation  is  the  same  as 
that  previously  discussed  for  the  high  power 
regulator.  The  block  diagram  of  Figure  8-16 
applies  to  the  low  power  regulator  as  well. 
But  the  series  pass  configuration  for  the  low 
power  regulator  contains  only  one  series 
transistor,  instead  of  two  in  parallel,  and 
the  driver  transistor  is  eliminated. 


Equipment  Performance 

The  data  in  Table  8-6  was  taken  on  a 
flight  model  low  power  voltage  regulator. 
It  is  considered  typical  and  is  included  to 
show  the  performance  versus  specifications. 

Voltage  Limiter 

Introduction 

The  voltage  limiter  is  a shunt  regulator 
that  provides  protection  for  all  circuitry 
connected  to  the  solar  bus.  It  limits  the 
maximum  array  voltage. 

The  circuit  was  designed  to  shunt  current 
from  the  solar  array  and  begin  limiting  the 
solar  array  voltage  only  when  it  exceeds  the 
threshold  of  32.5  volts.  This  could  have 
occurred  at  any  time  during  the  solar  day  if 


Table  8-6. — Low  Power  V oliage  Regulator  Electrical  Test  Data 


Test 

Conditions 

Performance 

Comparison  with 
specifications 

Line  regulation  _ - 

yin  =23.5v  to  34.5v 
(II  — 500  ma) 

AFo  = 14  mv 

Better 

Load  regulation  __  _ 

1 1=0  to  500  ma 

(Fin=27v) 

AFo  = 14  mv 

Better 

Ripple  - __ 

Fin  = lvP-P 
@ 20  cps 

Fo=2  mv  P-P 

Better 

Output 

impedance 

0 to  10  kc 

Zo  < 0.01  Q 

Better 

Transient 

response 

(line) 

A Fin  — 5v  step 

Fo  recovers  to 
2%  in  20  jusecs. 

Better 

Transient 

response 

(load) 

72,-5 00  ma  step 

Fo  recovers  to 
2%  in  50  /zsecs. 
2%  in  50  /xsecs. 

Better 

Short  circuit 
current 

R load=0  ohms 

Il  — 35  ma 

Not  specified 

On/off  control 

Operates 

As  specified 

Temperature 

stability 

Aramb  = 45°C 

AFo  = 15  mv 

Better 
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the  load  on  the  solar  bus  was  very  light,  hut 
was  most  likely  to  occur  when  the  satellite 
emerges  from  the  earth’s  shadow  into  the 
sunlight.  The  array  at  this  time  is  at  the 
lowest  temperature,  possibly  as  low  as 
— 58°C,  and  generates  maximum  voltage. 
Typically,  the  voltage  would  be  higher  than 
50  volts  at  — 58°C.  Since  this  voltage  would 
cause  excessive  dissipation  in  the  voltage 
regulators,  charge  controllers,  and  other 
equipment,  the  voltage  had  to  be  limited. 
The  dissipated  power  to  lower  the  solar 
array  down  to  32.5  volts  is  approximately 
48  watts.  This  corresponds  to  drawing  1.35 
amperes  from  the  array. 

Design  Objectives 

The  design  objectives  were  basically  the 
same  as  for  other  satellite  components, 
namely,  maximum  reliability,  minimum 
weight,  and  minimum  power  consumption. 
In  order  to  accomplish  all  of  these  objectives, 
the  need  for  semiconductor  circuitry  was 
obvious.  Although  the  purpose  of  this  circuit 
is  to  dissipate  excessive,  unwanted  power 
(this  is  only  true  when  the  solar  array  ex- 
ceeds the  threshold  of  32.5  volts)  , it  must 
draw  minimum  power  below  this  threshold 
to  prevent  adverse  effects  on  the  energy  bal- 
ance of  the  satellite.  This  objective  is  ful- 
filled in  the  basic  design  by  utilizing  a sharp 
I-V.  characteristic  at  the  threshold  voltage. 
Finally,  reliability  was  assured  by  use  of 
the  most  reliable  parts,  process  inspections 
during  fabrication,  and  rigorous  environ- 
mental testing  conditions,  beyond  those  en- 
countered in  launch  and  actual  space  opera- 
tion. 

Design  Approach 

The  circuit  is  designed  to  utilize  the  very 
sharp  I-V  characteristics  of  a low-power, 
Zener  diode,  multiplied  in  power  capability 
by  several  transistor  stages.  This  type  of 
limiter  has  several  advantages  over  the 
simple,  high-power  Zener  diodes.  The  result- 
ing I-V  characteristic  is  much  sharper  than 
that  of  a high-power,  Zener  diode;  a larger 
power-handling  capacity  is  possible ; there  is 
greater  ease  in  handling  the  dissipated  power 


(since  it  is  distributed  among  four  power 
resistors  as  compared  to  one  Zener  diode) ; 
and  the  breakdown  voltage  can  be  set  to  any 
desired  value. 

Operational  Description 

A block  diagram  of  the  limiter  is  shown  in 
Figure  8-17. 

The  limiter  compares  the  solar  array  bus 
voltage  to  that  of  a Zener  diode  and  then 
amplifies  the  difference  voltage  in  a com- 
parison amplifier.  The  comparison  amplifier 
produces  an  output  voltage  when  the  voltage 
divider  output  voltage  exceeds  the  Zener 
diode  breakdown  voltage.  This  signal  is  then 
amplified  further  by  the  final  two  transistor 
stages,  resulting  in  a much  higher  power 
dissipation  capability  than  that  of  a Zener 
diode  design.  The  power  resistors  are 
mounted  on  the  outside  surfaces  of  four 
separate  solar  panels  to  effectively  radiate 
the  dissipated  power  on  the  outer  surface  of 
the  satellite.  The  power  transistor  used  in 
the  final  amplifier  stage  is  mounted  on  the 
spacecraft  mounting  collar  assembly  (see 
Figure  8-15). 

Equipment  Performance 

The  electrical  I-V  characteristic  of  the 
voltage  limiter  is  shown  in  Figure  8-18. 
Table  8-7  is  a summary  of  its  electrical  and 
mechanical  characteristics. 

ONE-YEAR  TIMER 

The  one-year  timer  is  provided  to  open 
the  solar  array  bus  and  thus  deactivate  the 
spacecraft  after  one  year  in  orbit. 


SOLAR  ARRAY  BUS 


Figure  8-17.^Voltage  limiter,  block  diagram. 


VOLTAGE  LIMITER  CURRENT,  AMPERES 
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Figure  8-18. — Bus  voltage  vs.  voltage  limiter  current. 


The  timer  is  an  electro-chemical  device 
which  functions  by  deplating  a lead  pellet 
from  a silver  wire.  The  silver  wire  is  spring- 


Tabj.e  8-7. — Electrical  Test  Results  Summary 


Test 

Current 

Voltage 

Threshold  voltage  at  room 

temperature _ _ 

I — 100  ma. 

V =32.51 

Full  load  voltage  at  room 

I = 1.35  Amps 
1 = 1.60  Amps 

F = +32.84 
F = +32.91 

Temperature  stability 

I = 100  ma 
T = +34°C 
1 = 1.35  Amps 
T = - 10°C 

F = +32.80 
F = +33.34 

Off  current- _ 

11  ma  Total 

F =30.0 

loaded  and  after  the  lead  pellet  is  deplated, 
the  wire  is  decomposed  by  chemical  action 
and  breaks,  thus  opening  a switch  which  is 
connected  in  the  ground  return  leads  of  the 
solar  array. 

The  timer  is  powered  by  a 9-volt  Zener 
power  supply  and  draws  15  microamperes. 
The  timer  weighs  0.3  lb.  and  occupies  a 
volume  of  5 cubic  inches. 

Authors.  This  chapter  was  written  by 
T.  R.  Wylie,  P.  J.  Callen,  G.  Zielinski, 
E.  Holloway,  L.  Pessin,  and  H.  Thier- 
felder  of  the  Radio  Corporation  of  Amer- 
ica, Princeton,  New  Jersey,  U.S.A.  under 
contract  NAS  5-1272  with  NASA/Goddard 
Space  Flight  Center. 


Chapter  9 


Spacecraft  Environmental  Testing 


INTRODUCTION 

General 

The  physical  tests  specified  for  Project 
Relay  approximated  the  environments  and 
stresses  expected  for  the  spacecraft  during 
handling,  launch,  and  orbital  flight, 

Environmental  Qualification  Tests 

Environmental  qualification  tests  were  in- 
tended to  ensure  and  verify  the  design  of  the 
prototype  before  flight  testing  similar  space- 
craft. 

The  test  conditions  for  the  prototype  were 
intended  to  be  more  severe  than  field  condi- 
tions in  order  to  provide  assurance  in  locat- 
ing faults,  and  thus  compensating  to  some 
extent  for  the  statistical  limitation  of  the 
small  sample  size.  However,  the  conditions 
were  not  intended  to  be  so  severe  as  to  ex- 
ceed reasonable  safety  margins  or  to  excite 
unrealistic  modes  of  failure.  The  prototype 
was  subjected  to  the  following  tests: 

1.  Spin 

2.  Temperature 

3.  Vibration 

4.  Solar  Simulation 

5.  Humidity 

6.  Thermal  Gradient 

7.  Acceleration. 

Environmental  Acceptance  Tests 

The  flight  model  spacecraft  was  subjected 
to  only  the  first  four  tests  listed  above.  En- 
vironmental acceptance  tests  were  intended 


to  improve  reliability  of  the  spacecraft  by 
providing  a “break-in”  period  and  by  dis- 
closing workmanship  defects  prior  to  flight. 
While  comparable  to  field  environment  in 
severity,  the  conditions  were  intended  to  be 
mild  enough  to  avoid  fatiguing  or  wearing 
out  the  equipment. 

Unit  Tests 

All  flight  units  were  subjected  to  Environ- 
mental Acceptance  Tests,  with  applicable 
electrical  tests,  prior  to  delivery  for  assembly 
to  the  spacecraft.  No  prototype  or  other 
equipment  subjected  to  Environmental  Qual- 
ification Tests  was  used  for  flight  spacecraft. 

RELAY  SPACECRAFT  EXPECTED  ENVIRONMENT 
General 

The  spacecraft  was  expected  to  encounter 
a wide  range  of  environmental  conditions 
during  its  lifetime.  For  convenient  classifi- 
cation in  design  and  test,  the  total  lifetime 
environment  was  divided  into  three  phases : 
Phase  I concerned  earth  events  (long  term), 
i.e.,  manufacture,  assembly,  test,  handling, 
storage,  shipment,  standby,  and  prelaunch 
checkout.  Phase  II  concerned  launch  events 
(short  term),  i.e.,  boost  and  separation. 
Phase  III  concerned  the  orbital  flight  (long- 
term). 

The  significant  conditions  of  environment 
in  the  various  phases  are : 

1.  Phase  I:  mainly  climatic  (tempera- 
ture, humidity,  pressure,  sand  and  dust, 
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fungus,  salt  spray,  sun  and  rain) , also  shock, 
vibration,  and  spacecraft  equipment  opera- 
tion. 

2.  Phase  II : mainly  aerodynamic  and  pro- 
pulsion sources  of  temperature,  vibration, 
acoustic  noise,  shock,  spin,  and  acceleration ; 
also  vacuum  conditions, 

3.  Phase  III : mainly  temperature  and 
vacuum ; also  solar  irradiation,  cosmic  rays, 
charged  particles,  and  micrometeoroids. 

Environment  During  Phase  I 

Temperature 

Temperature  extremes  for  unprotected 
spacecraft  during  air  transport  and  unshel- 
tered ground  conditions  were  expected  to 
reach  — 37°C  and  +70°C  respectively.  Dur- 
ing standby  and  prelaunch  tests,  the  temper- 
ature of  the  spacecraft  (combined  effects  of 
heat  generated  by  spacecraft  equipment, 
solar  radiation  on  the  nose  fairing,  and 
temperature  of  the  atmosphere)  usually 
ranges  from  0°C  to  +35°C  at  Cape  Ken- 
nedy. After  the  spacecraft  was  mated  to  the 
third  stage,  during  on-stand  operations  prior 
to  removal  of  the  gantry  (at  approximately 
T— 90  minutes),  conditioned  air  at  15  to 
24  °C,  less  than  30  percent  RH,  was  supplied 
beneath  the  third  stage  nose  fairing  via  a 
plastic  shroud.  After  removal  of  the  gantry 
and  conditioned  air  lines,  the  third  stage, 
at  a uniform  temperature  of  approximately 
20  °C  acted  as  as  a heat  sink  to  moderate  the 
temperature  within  the  fairing  during  sub- 
sequent operation  of  the  spacecraft  equip- 
ment and  solar  heating. 

Humidity 

Humidity  (up  to  100  percent)  was  ex- 
pected, at  temperatures  allowing  condensa- 
tion to  take  place  in  the  form  of  water  or 
frost,  in  both  shipping  and  handling. 

Vibration 

Complex  vibration  (including  sinusoidal 
and  random)  was  expected  during  shipment, 
the  level  of  which  varies  with  the  kind  of 
vehicle  used  and  the  extent  of  care  exercised. 
The  estimated  maximum  effect  of  vibration 


during  careful  transport  by  truck  can  be 
represented  by  sinusoidal  vibration,  applied 
to  the  shipping  container  of  less  than  2 g 
RMS  from  1 cps  to  500  cps.  Vibration  trans- 
mitted to  the  spacecraft  assembly  was  mini- 
mized by  careful  design  of  the  isolator  sys- 
tem which  supports  the  assembly  in  the 
shipping  container. 

Shock 

Special  handling,  packaging,  and  care  dur- 
ing transportation  of  the  spacecraft  were 
expected  to  preclude  shock  of  sufficient  mag- 
nitude to  damage  the  components.  To  mini- 
mize shock,  transportation  by  special  air- 
ride  van  (at  controlled  speeds  over  a pre- 
planned and  checked  route)  was  provided. 
Recording  accelerometers  were  installed  on 
the  floor  of  the  van  and  on  the  isolation 
system  of  the  shipping  container.  These  strip 
charts  were  examined  to  insure  compliance 
with  the  handling  procedure. 

Pressure 

Atmospheric  pressure  was  expected  to 
range  from  30.5  inches  of  mercury  at  sea 
level  to  28  inches  during  transport. 

Scincf  and  Dust 

The  spacecraft  was  expected  to  be  sub- 
jected to  sand  and  dust  particles  encoun- 
tered in  beach  and  desert  areas. 

Salt  Spray 

Salt  sea  atmosphere  in  coastal  regions 
was  an  expected  environment. 

Fungus 

Fungus  growth  encountered  in  tropical 
climate  was  an  expected  environment. 

Solar  Radiation 

The  spacecraft,  when  not  protected,  was 
subjected  to  the  complete  spectrum  of  solar 
radiation  at  a maximum  level  of  360  Btu, 
per  square  foot,  per  hour,  for  periods  of 
two  hours  per  day. 

Rain 

Special  care  was  exercised  to  minimize 
rain  penetration. 
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Environment  During  Phose  II 

Temperature 

The  maximum  temperature  of  the  space- 
craft assembly  during  launch  and  prior  to 
fairing  jettison  was  expected  to  be  165°F, 
based  on  a maximum  fairing  interior  surface 
temperature  of  150°C  and  a fairing  jettison 
time  and  altitude  of  approximately  160  sec- 
onds and  400,000  feet,  respectively.  (These 
values  were  based  on  most  severe  165-thou- 
sand-pound-thrust  Thor  trajectory.) 

Humidity 

Humidity  up  to  95  percent  was  expected 
at  lower  altitudes  during  launch. 

Vibration 

Complex  vibration  to  relatively  high  values 
was  expected  in  the  spacecraft  assembly 
during  the  launch  phase.  The  main  sources 
of  vibration  are:  engine  acoustic  noise  at 
liftoff ; aerodynamic  forces  near  Mach  1 and 
near  maximum  dynamic  pressure;  a strong 
600  cps  combustion  resonance  of  the  third 
stage ; and  shock  forces  at  ignition,  burn  out, 
and  separation  of  each  stage.  The  values  in 
Table  9-1  represent  estimated  vibration  con- 
ditions of  the  maximum  severity  which  were 
expected  by  the  Relay  spacecraft. 

Acceleration 

Values  of  axial  and  side  load  factors,  due 
to  sustained  accelerations,  which  were  ex- 
pected, are  given  in  Table  9-2. 


Table  9-1.- — Vibration  Frequency  Sweep  Schedule 


Vibration 

axis 

Frequency 
i range,  eps 

Test  Dura- 
tion, min. 

Acceleration 
g 0-to-peak 

Thrust 

5-50 

0.83 

1.5 

(Z-Z) 

500-50 

0.83 

7.1 

500-2000 

0.50 

14 

2000-3000 

0.15 

36 

3000-5000 

0.18 

14 

) 

^2.5  min. 

Lateral 

5-50 

0.83 

0,6 

(X-X) 

500-50 

0.83 

1.4 

and 

500-2000 

0.50 

2.8 

(Y-Y) 

2000-5000 

0.33 

11.3 

^2.5  min. 

Grand  total  ^7.5  min. 
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Table  9-2 .—Acceleration  Load  Factors  Expected 


Time  of  flight 

Axial  load  factor 

Side  load  factor 

T+120  sec.  

4.3g 

12g 

First-stage  burnout 

12.4g 

0.8g 

Third-stage  spinup-.  

4.8g 

0g(*) 

Third-stage  burnout _ 

20. 6g 

0 g (**) 

*Does  not  include  centrifugal  loads  due  to  spin. 

**Based  on  180-lb.  weight  at  third-stage  burn-out  and  a maximum 
ABL  X-248  thrust  of  3700  lb 


Spin 

Maximum  nominal  spin  rate,  which  was 
expected  to  occur  simultaneously  with  the 
axial  acceleration  listed  in  Table  9-2,  was 
2.75  rps. 

Pressure/  Vaco  urn 

Ambient  pressure  in  the  atmosphere  and 
in  space  during  the  launch  phases  were 
expected  to  vary  approximately  as  listed  in 
Table  9-3. 


Table  9-3 .—Ambient  Pressure  Ranges  Expected 


Phase 

Pressure  (inches  of  mercury) 

First-stage  boost 

30.5  to  5 X 10-5 
2 X 10“ 9 to  8 X 10-10 

Second-stage  boost  

Shock 

Shocks  caused  by  ignition,  cut-off,  staging, 
etc.,  occurring  during  vehicle  operation, 
were  considered  less  severe  than  the  vibra- 
tion during  launch, 

Environment  During  Phase  ill 

Temperature 

The  internal  mean  temperature  of  the 
spacecraft  equipment  mounting  surface  dur- 
ing the  orbit  phase  was  expected  to  be 
maintained  between  +4°C  and  +30° C with 
the  aid  of  the  spacecraft  thermal  controller. 
Temperature  at  extreme  locations  of  internal 
equipment  components  was  expected  to  reach 
limits  of  — 1°C  and  +38 °C,  except  in  the 
immediate  vicinity  of  the  traveling  wave 
tube,  where  the  maximum  temperature 
would  exceed  +38° C.  The  external  surfaces 
of  the  spacecraft  would  be  subjected  to  radi- 
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ation  from  the  sun  (442  Btu  per  square  foot 
per  hour),  radiation  from  the  earth  (in- 
cluding reflected  sunlight),  and  radiation 
from  space.  The  temperature  of  the  external 
surfaces  was  expected  to  vary  between  the 
limits  of  -100°C  and  +38°C. 


Vacuum 

Space  vacuum  at  pressure  of  less  than 
4 x 10'10  inches  of  mercury  was  expected. 


Charged  Particle  Radiation 

The  boost  trajectory  was  such  that  the 
spacecraft  would  traverse  the  inner  Van 
Allen  zone  of  trapped  radiation  as  well  as 
encountering  radiation  from  the  Starfish 
experiment. 

Micromefeoroic/s 


Micrometeoroids  were  considered  unlikely 
to  penetrate  the  spacecraft  and  thus  become 
hazards  to  internal  components.  The  space 
densities  of  the  micrometeoroid  stream  or 
shower  (Geminid)  and  of  singular  (Spora- 
dic) micrometeoroids  about  80  km  altitude 
are  shown  by  expressions  (a)  and  (b)  when 
10-13  ^ to  ^ 10-8 


where  m = mass  of  micrometeoroid  in  grams, 
The  average  density  of  the  material  is  ap- 
proximately 3.4  grams  per  cubic  centimeter. 

10'3  \ per  cubic  centimeter 


(a)  4 x 10-19 


(10^) 
\ m I 


(Geminid) 


...  3.5  X 10-22  per  cubic  centimeter 

W m (Sporadic) 

Micrometeoroid  velocities  under  the  condi- 
tions stated  above  are : 

Geminid : approximately  36  km/sec ; direc- 
tion in  the  equatorial  plane 

Sporadic:  10  to  70  km/sec;  any  direction 
except  from  the  approximate  direction  of  the 
earth. 

Micrometeoroid  densities  were  best  esti- 
mates, based  on  the  small  amount  of  data 
available  at  the  time  of  issuance  of  the  en- 
vironmental specification. 


QUALIFICATION  TESTS 


Spin 

The  spacecraft  was  spun  up  to  206  rpm 


during  the  spin  test,  corresponding  to  1*4 
times  the  maximum  spin  rate  of  the  vehicle 
(see  Figure  9-1)  anticipated  during  third 
stage  powered  flight.  The  spacecraft  was 
operated  for  two  simulated  orbits  of  wide- 
band mode,  i.e.,  36  minutes  of  repeater  oper- 
ation followed  by  127  minutes  of  standby 
operation  per  orbit.  Power  was  supplied  to 
the  spacecraft  from  an  external  power  sup- 
ply via  slip  rings ; all  other  signals  were  via 
radio  links. 


Figure  9-1. — Relay  I spacecraft  mounted  on  spin 
test  fixture. 


Temperature 

This  test  was  performed  in  air  instead  of 
vacuum  as  an  expedient  measure  to  prevent 
excessive  expense  for  thermal-vacuum  retest 
in  the  event  of  a seriously  defective  unit. 
The  spacecraft  was  installed  in  a 14'  X 14'  X 17' 
Tenney  chamber  (see  Figure  9-2)  capa- 
ble of  producing  temperatures  from  — 80°F 
to  +250°F,  and  relative  humidity  from  20 
percent  to  95  percent  over  a temperature 
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Figure  9-2. — Relay  I spacecraft  installed  in  Tenny 
chamber. 


range  from  33°F  to  185°F.  All  connections 
to  the  spacecraft  were  made  via  hard-lines. 

Following  an  electrical  checkout  of  all  sub- 
systems, the  battery  packs  were  removed 
from  the  spacecraft,  and  the  inoperative 
spacecraft  was  subjected  to  a temperature 
soak  of  6 hours  at  — 30°C,  followed  by  6 
hours  at  +60°C.  After  removal  from  the 
chamber,  the  battery  packs  were  reinstalled, 
electrical  performance  was  verified,  and  the 
spacecraft  reinstalled  in  the  test  chamber. 
The  spacecraft  was  then  operated  for  two 
simulated  orbits  in  wideband  mode  at  tem- 
peratures of  — 5°C  and  +35 °C. 

Thermocouples  were  installed  at  various 
significant  points  within  the  spacecraft  and 
at  specific  reference  locations  indicated  by 
thermal  analysis. 

Vibration 

General 

Prior  to  test,  an  electrical  performance 
check  was  made  of  all  spacecraft  subsystems. 


The  spacecraft  was  then  attached  to  an 
MB-C210  vibration  generator  by  means  of 
a rigid  jig  fabricated  with  a spacecraft 
adapter.  The  adapter  duplicated  the  vehicle 
mating  surface. 

Description  of  Vibration  Facility 

1.  Capability— The  MB-C210  vibration  ma- 
chine is  capable  of  producing  28,000  pounds 
peak  force  (sine)  or  25,200  pounds  force 
(random)  with  a maximum  displacement  of 
± i/2-inch  over  a frequency  range  of  5 cps 
to  2000  cps.  The  control  console  can  provide 
sinusoidal,  logarithmic-sweep,  wideband  os- 
cillation with  automatic  frequency  cycling, 
and  servo  control  to  provide  constant  accel- 
eration, velocity  or  displacement  with  vary- 
ing frequency.  The  random  frequency  ex- 
citer contains  a parallel  80-channel-filter 
spectrum  analyzer  and  manual/automatic 
spectrum  equalization  (±3  db),  facilitating 
narrow  bandwidth  scanning,  manual/auto- 
matic system  compensation,  and  spectrum 
shaping. 

2.  Protective  Devices — Protective  devices 
presently  incorporated  into  the  shaker  sys- 
tem include  the  following: 

a.  An  amplitude  limiting  device  which 
limits  the  shaker  amplifier  input  drive. 

b.  A displacement  limiter,  to  prevent 
excessive  displacements  from  occurring. 

c.  An  acceleration  discriminator,  which 
removes  the  drive  to  the  machine  in  the 
event  a pre-set  peak  g-level  is  exceeded. 

d.  A safety  monitor  which  overtakes 
control  of  the  machine  in  the  event  of  loss 
of  servo  control  signal  from  the  control 
accelerometer. 

e.  An  automatic  random  protective  cut- 
out which  protects  the  machine  in  the 
event  of  a random  failure  in  the  servo 
system. 

Instrumentation 

1.  Installation — For  purposes  of  control- 
ling vibration  applied  to  the  spacecraft,  a 
calibrated  accelerometer  was  attached  rigidly 
to  the  jig  near  the  spacecraft- jig  interface 
and  aligned  with  the  axis  of  applied  vi- 
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bration.  Two  other  accelerometers  were 
mounted  on  the  jig,  close  to  the  spacecraft- 
jig  interface,  to  monitor  uncontrolled  lateral 
crosstalk.  The  sensitive  axis  of  both  ac- 
celerometers were  mutually  perpendicular  to 
the  first. 

2.  Calibration  — All  accelerometers  were 
calibrated  on  a two-inch  thick  aluminum 
adapter  plate  bolted  to  the  vibration  ma- 
chine. To  eliminate  noise,  the  accelerometers 
were  cemented  with  Kodak  HK910  adhesive. 
The  primary  accelerometer  was  a secondary 
NBS  standard.  Calibrations  were  run  at 
lg,  5 g and  20g  (all  peak),  over  the  fre- 
quency range. 

Sinusoidal 

Sinusoidal  vibration  is  used  to  simulate 
the  third  stage  effects.  This  portion  of  the 
test  was  conducted  by  sweeping  the  range 
from  the  lowest  to  the  highest  frequency, 
once  for  each  range  specified  in  Table  9-4. 


Table  9-4.- — Sinusoidal  Frequency  Sweep  Schedule 


Vibration 

axis 

Frequency 
range  cps 

Test  dura- 
tion (min.) 

Acceleration 
g,  0-to-peak 

Thrust  t Z-Z) 

5-50 

1.66 

2.3 

50-500 

1.66 

10.7 

500-2000 

10 

21.0 

Lateral  (X,  K)___ 

5-50 

1.66 

0.9 

50-500 

1.66 

2.1 

500-2000 

1.66 

4.2 

Time-rate-of -change  of  frequency  was  pro- 
portional to  frequency  at  the  rate  of  two 
octaves  per  minute. 

Combustion  Resonance  Dwell 

This  test  simulated  a measured  combus- 
tion oscillation  observed  in  the  X-248  solid- 
propellant  rocket  motor.  The  range  of  the 
sinusoidal  vibration  test  was  from  550  cps 
to  650  cps.  The  test  was  conducted  by  tra- 
versing this  100-cps  band  slowly,  over  a one- 
half  minute  period.  Rate  of  change  of  fre- 
quency with  time  was  proportional  to  fre- 
quency. The  vibration  level  achieved  was  the 
maximum  available  from  the  vibration  equip- 
ment (C210)  for  the  thrust  axis,  and  14.5  g, 
peak,  for  each  lateral  axis. 


Random 

Random  vibration  is  considered  to  occur 
during  launch  and  maximum  dynamic  pres- 
sure flight.  During  the  random  noise  vibra- 
tion tests,  signals  from  the  control  acceler- 
ometer were  passed  through  a bandpass-filter 
type  analyzer  that  was  adjusted  to  scan  the 
test  frequency  spectrum.  The  filter  band- 
width was  narrowed  as  required  by  the  test 
requirements. 

Gaussian  random  vibration  was  applied  to 
the  spacecraft  with  g-peaks  clipped  at  three 
times  the  root-mean-square  acceleration,  ac- 
cording to  the  schedule  shown  in  Table  9-5. 


Table  9-5. — Random  Vibration  Sweep  Frequency  Schedule 


Vibration 

axis 

Frequency 

range 

(cps) 

Test 

duration 

(minutes) 

PSD 

level 

(gVeps) 

Thrust  ( Z-Z 

20-2000 

4 

0.07 

Lateral  ( X-X 

a nd  Y~Y) 

100-2000 

4 

0.07 

(each  axis) 

With  the  spacecraft  installed  on  the  vibra- 
tion machine,  the  control  accelerometer  re- 
sponse was  equalized  with  a peak/notch  filter 
system,  so  that  the  specified  peak-spectral- 
density  values  were  within  ± 3 db  within 
the  frequency  band;  the  filter  roll-off  char- 
acteristic above  2000  cps  was  40  db  per 
octave  or  greater. 

Thrust  Axis 

A cylindrical-bodied  fixture  was  bolted  to 
the  adapter  plate  of  the  €210  vibration  ma- 
chine. This  fixture  was  equipped  with  the 
lower  mate  to  the  3rd  stage  separation  ring. 
The  spacecraft  was  then  mounted  on  the 
fixture  (see  Figure  9-8).  The  two  mating 
halves  of  the  separation  ring  were  held  to- 
gether by  a Marman-type  clamp  designed 
for  vibration  loads.  Three  orthogonal  ac- 
celerometers were  then  cemented  to  the  vi- 
bration fixture  as  dose  to  the  separation 
ring  as  possible. 

Following  the  connection  of  test  and  in- 
strumentation cables,  an  operational  check 
of  the  spacecraft’s  various  subsystems  was 
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Figure  9-3. — Spacecraft  mounted  on  C210  vibration 
machine  for  thrust  axis  vibration  test. 


made.  For  survey  purposes  a preliminary 
vibration  run  was  made  using  servo-con- 
trolled sinusoidal  inputs  as  follows: 

Run  A:  2 g peak,  50-500  eps,  2 octaves/ 
minute. 

Run  B : 4 g peak,  500-2000  cps,  2 octaves/ 
minute. 

This  survey  acquainted  test  personnel  with 
timing  of  tests,  and  checked  the  servo  con- 
trol of  sweep  rate,  accelerometer  outputs, 
and  instrumentation  recording. 

Following  a review  of  the  survey  data,  the 
sinusoidal  and  the  combustion  resonance 
tests  were  carried  out.  All  spacecraft  elec- 
trical systems  expected  to  be  operating 
during  launch  were  exercised  during  these 
tests  and  results  were  recorded  and  analyzed. 

Upon  completion  of  the  above  tests,  a 
low  level  random  vibration  (lg  RMS)  was 
applied  to  the  spacecraft.  The  response  spec- 
trum was  observed  on  a scope,  and  equaliza- 
tion was  varied  on  an  MB  N-300  spectrum 
equalizer  until  the  response  was  flat  to  with- 


Figure 9-4.- — Vibration  machine  spectrum  equaliza- 
tion equipment. 


in  ±3  db  (see  Figure  9-4) . An  X-Y  plotter 
was  used  to  record  equalized  response.  Fol- 
lowing equalization,  the  spacecraft  electrical 
systems  were  checked  and  the  random  vibra- 
tion test  of  Table  9-5  was  carried  out. 

Lateral 

After  removal  of  the  spacecraft  and  thrust- 
axis  fixture  from  the  adapter  plate,  the 
vibration  machine  head  was  rotated  90° 
from  its  normal  position  and  the  lateral-axis 
fixture  was  attached.  The  spacecraft  was 
placed  on  this  fixture  and  secured  by  a Mar- 
man  clamp  (Figure  9-5).  One  accelerom- 
eter was  cemented  near  the  separation  ring 
to  monitor  input  levels.  Two  other  acceler- 
ometers (previously  cemented  near  the  c.g. 
of  the  spacecraft)  were  used  as  the  control 
accelerometers  during  the  first  phase  of  the 
lateral  vibration  test. 

The  spacecraft  was  laterally  vibrated  as 
noted  in  Table  9—5.  The  accelerometer  lo- 
cated at  the  c.g.  of  the  spacecraft  was  moni- 
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Figure  9-5. — Spacecraft  mounted  on  €210  vibration 
machine  for  lateral  axis  vibration  test. 


tored,  up  to  and  including  the  fundamental 
structural  mode  frequency  so  that  the  force 
measured  at  the  c.g.  did  not  exceed  3g  peak. 
This  part  of  the  test  was  not  servo-controlled, 
due  to  the  sharp  rise  of  c.g.  acceleration  as 
resonance  is  approached.  Above  the  first- 
mode resonance,  the  test  was  continued  un- 
der servo  control  at  a sweep  rate  of  two 
octaves  per  minute. 

All  spacecraft  electrical  subsystems  nor- 
mally operating  during  launch  were  com- 
manded on  and  the  performance  was  ob- 
served. At  the  completion  of  the  sinusoidal, 
combustion  resonance  dwell,  and  random  vi- 
bration tests  in  the  X axis,  the  spacecraft 
was  rotated  90°  and  the  tests  repeated  for 
the  “Y”  axis. 

Solar  Simulation 

Genera/ 

The  solar  simulation  test  was  designed  to 
reproduce,  as  closely  as  possible,  the  environ- 
ment expected  during  Phase  III,  i.e.,  orbital 


flight.  This  included  temperature,  vacuum, 
and  solar  irradiation,  but  excluded  radiation 
and  the  effects  of  micrometeoroids. 

Installation 

The  spacecraft  was  mounted  in  a thermal- 
vacuum  chamber  on  a fixture  designed  to 
support  it  in  a nearly  vertical  position,  free 
to  rotate  about  its  spin  axis  (Figure  9-6  and 
9-7)  . A set  of  slip-rings  were  provided  to 
facilitate  external  application  of  dc  power 
to  augment  the  solar-array  output.  The  sat- 
ellite was  rotated  throughout  the  5-day  test 
at  twelve  rpm. 

Tesf  Plan 

Prior  to  the  start  of  rotation,  chamber 
pressure  was  reduced  from  room  ambient  to 
5 X 10“5  mm  mercury  or  less.  With  the 
spacecraft  operating,  the  chamber  walls  were 
cooled  by  liquid  nitrogen  to  — 175° C.  Dur- 
ing this  period,  radiant  energy  equivalent 
to  a solar  intensity  of  442.4  Btu  per  hour, 
per  square  foot,  was  applied  to  the  space- 
craft from  the  direction  corresponding  to 
that  of  the  sun  in  space.  The  radiant  energy 
spectral  distribution  approximated  the  solar 
spectrum.  Orientation  of  the  spacecraft  with 
respect  to  the  “sun”  was  selected  to  provide 
the  most  severe  temperature  conditions  and 
thermal  gradients  as  determined  by  the 
thermal  design  analysis.  The  spacecraft 
operation  duty  cycle  was  a simulation  of  the 
most  severe  operation  in  orbit.  Solar  radia- 
tion conditions  and  test  duration  are  shown 
in  Table  9-6. 


Table  9-6. — Solar  Simulation  Test  Conditions 


Condition 

Solar  simulation 

Duration  (days) 

Maximum  sunlight 

Simulator  on  for  maximum 

3 

orbit. 

time  in  sun  at  100%  of  solar 
intensity,  off  for  minimum  time 
in  eclipse. 

Maximum  eclipse. 

Simulator  on  for  minimum 

2 

time  in  sun  at  100%  of  solar 
intensity,  off  for  maximum 
time  in  eclipse. 

Figure  9-6. — Method  of  mounting  spacecraft  in  thermal-vacuum  chamber  for  solar  simulation  test. 


Solar  Simulator 

The  solar  simulator  consisted  of  two 
carbon  arc  lamps  with  optical  outputs  added 
together.  This  solar  simulator  had  the  uni- 
formity of  field  and  the  spectral  output  to 
match  approximately  the  Johnson  Spectral 
Curve,  which  is  the  spectral  irradiance  of 
the  sun’s  rays  outside  the  atmosphere  (air 
mass  zero).  A more  detailed  description 
of  the  solar  simulator  is  presented  in  Chap- 
ter 10. 

Calibration 

An  Eppley  pyrheliometer,  Model  50,  was 
suspended  in  the  vacuum  chamber,  normal 
to  the  solar  energy  field  ahd  in  the  same 
plane  that  the  front  surface  of  the  space- 


craft would  eventually  be  located.  Four  solar 
cells  were  located  on  the  rear  wall  of  the 
chamber,  connected  thermally  to  the  cham- 
ber wall  and  shielded  from  reflected  radia- 
tion. These  cells  were  located  so  that  the 
satellite  would  not  place  them  in  shadow 
when  it  was  suspended  in  the  test  position. 

Pressure  in  the  vacuum  chamber  was  re- 
duced to  1 X 10-5mm  mercury,  the  tempera- 
ture of  the  walls  was  reduced  to  — 110°C, 
and  the  solar  simulator  was  activated.  Solar 
intensity  at  the  vehicle  plane  was  recorded 
by  the  pyrheliometer  and  also  by  the  solars 
cell  output  current.  The  intensity  recorded 
by  the  pyrheliometer  was  used  to  calibrate 
the  solar-cell  output  current.  Calibrations 
were  made  at  0.154  watts  per  square  centi- 


Figure  9-7. — Antenna  end  view — in  preparation  for  solar  simulation — solar  panels  removed. 


meter,  0.140w/cm2,  and  0.126w/cm2.  Inten- 
sity variation  was  effected  by  use  of  a light 
chopper  (Figure  9-8)  located  outside  the 
vacuum  chamber.  The  calibrated  solar  cells 
were  used  to  monitor  drifts  of  solar  intensity 
during  the  spacecraft  tests. 

Test  Schedule 

The  solar-simulation  test  schedule  is  out- 
lined in  Table  9-7, 

Humidity 

The  humidity  test  was  designed  to  dupli- 
cate that  portion  of  the  Phase  I-expected  en- 
vironment, and  to  determine  if  a “drying” 
period  was  necessary  to  re-establish  proper 
operation.  The  non-operating  spacecraft  was 


placed  in  the  14'  X 14'  X 17'  Tenney  cham- 
ber (Figure  9-2)  and  subjected  to  a chamber 
temperature  of  -(-30°C,  and  relative  humidity 
of  95  percent  ±5  percent  for  24  hours.  At 
the  end  of  the  24-hour  period,  the  spacecraft 
was  operated  under  these  conditions  for  one 
duty  cycle  and  the  performance  of  all  sub- 
systems was  verified. 

Thermal  Gradient 

Genera/ 

The  thermal-gradient  test  duplicated  tem- 
perature and  vacuum  conditions  expected 
during  Phase  III.  Chamber  heat  sinks  were 
adjusted  to  simulate  the  thermal  gradients 
expected  within  the  spacecraft  in  a non- 
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Figure  9-8. — Chopper  installed  between  lamps  and  thermal  vacuum  chamber  to  control  light  density. 


composed  of  two  37 5-cubic-f eet-per-minute 
roughing  pumps,  two  5000  cfm  blower 
pumps,  and  sixteen  oil  diffusion  pumps  hav- 
ing combined  capability  of  300,000  liters  per 
second.  The  minimum  pressure  obtainable 
with  these  pumps  is  5 X 10'7  mm  mercury, 
whereas  the  walls  are  designed  to  support 
internal  pressures  as  low  as  1 X 10-9  mm 
mercury. 

The  thermal  system  is  composed  of  six 
separate  heating  and  cooling  copper-tube  heat 
sinks.  Four  of  these  sinks  divide  the  walls 
into  quadrants  and  the  other  two  are  on  top 
and  bottom  of  the  chamber.  Using  brine 
coolant,  the  temperature  can  range  from 
-f 275°F  to  — 125°F;  with  liquid  nitrogen, 


operative  state  during  orbital  flight  (Figure 
9-9).  Influences  of  direct  sunlight,  absorp- 
tivity, emissivity,  and  attitude  were  consid- 
ered in  establishing  these  temperatures. 


Facility 

The  thermal-gradient  test  was  performed 
in  the  large  thermal-vacuum  chamber  with 
inner  dimensions  of  26  feet  (diameter)  by 
20  feet  (height) . The  entrance  door  is  7 feet 
in  diameter  (Figure  9-10)  and  a removable 
top  cover,  24  feet  in  diameter,  allows  entry 
of  large  test  vehicles. 

The  vacuum  system  is  capable  of  establish- 
ing a pressure  of  5X10~6  mm  mercury  in 
less  than  24  hours.  The  pumping  system  is 
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Table  9-7. — Solar  Simulation  Test  Schedule 


Maximum  Temperature  Test— 72  hours 

Solar  Input  =.154  W/cm2  on  continuously 


Orbit 

Operation 

Total  time 

First  day 
1 

Continuous  mode  _ 

136  min. 
163  min. 

Wideband  No.  1.  36  min.  on,  127  min.  off 

2 

Wideband  No.  2,  36  min.  on,  127  min.  off 

163  min. 

3 

Wideband  No.  1,  14  min.  on. 

Wideband  No.  2,  14  min.  on._; _ 

163  min. 

4-7 

Continuous  mode  163  min.  each  orbit 

652  min. 

8 

Continuous  mode*- 

163  min. 

24  hr 

=1440 min. 

Second  day 

Continuous  mode 

136  min. 

1 

Wideband  No.  1,  36  min.  on,  127  min.  off 

163  min. 

2 

Wideband  No.  1,  36  min.  on,  127  min.  off 

163  min. 

3 

Wideband  No.  1,  28  min.  on,  135  min.  off 

163  min. 

4-7 

Radiation  mode  163  min.  each  orbit 

652  min. 

8 

Radiation  mode*  _ - - --  _ 

163  min. 

24  hr 

= 1440  min 

Third  day 

Radiation  mode ■_  

136  min. 

1 

Wideband  No.  2,  36  min.  on,  127  min.  off 

163  min. 

2 

Wideband  No.  2,  36  min.  on,  127  min.  off 

163  min. 

3 

Wideband  No.  2,  28  min.  on,  135  min.  off 

163  min. 

4-7 

Continuous  mode  163  min.  each  orbit. 

652  min. 

24  hr 

— 1440  min. 

Minimum  temperature  test— 48  hours 

Solar  Input  each  orbit  : 15  min.  on,  40  min 

. Off,  108 

min.  on;  equal  to  .126  watt/cm2. 

Fourth  day 

Continuous  mode,  solar  input  off  24  min.; 

on  108  min ..  

136  min. 

1-4 

Continuous  mode,  163  min.  each  orbit 

652  min. 

5 

Wideband  No.  1,  36  min.  on,  127  min.  off 

163  min. 

6 

Wideband  No.  1,  36  min.  on,  127  min.  off 

16C  min. 

7 

Wideband  No.  1,  135  min.  off,  28  min.  on 

163  min. 

8 

Radiation  mode*.  _ — _ __ 

163  min. 

i 

24  hr 

= 1440 min. 

Fifth  day 

1 

Radiation  mode  — 

163  min. 

2-5 

Radiation  mode,  163  min.  each  orbit 

652  min. 

6 

Wideband  No.  2,  36  min.  on,  127  min.  off 

163  min. 

7 

Wideband  No.  2,  36  min.  on,  127  min.  off 

163  min. 

8 

Wideband  No.  2,  135  min.  off,  28  min.  on 

163  min. 

9 

Continuous  mode;  solar  input  15  min.  on, 

40  min  off,  81  min.  on 

136  min. 

24  hr 

— 1440  mm. 

*Necessary  adjustments  for  the  next  24  hr.  period  (such  as  cleaning 
mirrors)  were  made  during  8th  orbit.  Adjustments  for  fourth  and  fifth 
days  were  made  during  solar  simulator  “off”  periods. 


the  lower  temperature  limit  can  be  dropped 
to  —280°F.  The  heat  capacity  is  141,000  Btu 
per  hour  at  — 100°F. 


Figure  9-9. — Spacecraft  installed  in  the  thermal- 
vacuum  chamber  for  the  thermal  gradient  test. 


Figure  9-10. — View  of  spacecraft  mounted  for  ther- 
mal gradient  test. 
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Tesf  Plan 

The  spacecraft  was  exercised  under  the 
conditions  listed  in  Table  9-8. 

The  test  commenced  when  the  spacecraft 
temperature  was  stabilized  at  the  designated 
temperature  with  a rate  of  change  less  than 


Table  9-8. — Thermal-Gradient  Test  Conditions 


Condition 

Sunlight 

Duration  (days) 

Cold  soak.  _ _ 

75% 

1 

Minimum  temperature  with  equipment 
operating  on  a duty  cycle  with  low 
charging  rate  on  the  batteries 

75% 

2 

Maximum  temperature  with  equipment 
operating  on  a duty  cycle  with  high 
charging  rate  on  batteries __  . 

100% 

3 

1°C  per  hour. 

Spacecraft  temperatures  were  monitored 
in  all  critical  areas  and  duplicate  sensors 
were  added  to  provide  and  verify  calibration 
of  the  telemetry  temperature  channels. 

Acceleration  (Steady  State) 

This  test  was  designed  to  simulate  the 
axial  and  side  load  accelerations  expected 
during  Phase  II,  the  launch  phase.  (See  Fig- 
ures 9-11  and  9-12).  The  tests  were  con- 
ducted separately  along  each  of  three 
coordinate  axes  and  measured  at  the  center- 
of-gravity.  The  centrifuge  selected  for  this 
test  was  large  enough  to  prevent  the  g- 
gradient  along  the  thrust  axis  from  exceed- 
ing +15%  at  the  forward  end,  +10%  at 


Figure  9-11— Spacecraft  mounted  on  centrifuge  for  thrust  axis  acceleration  test. 


Figure  9-12. — Spacecraft  mounted  on  centrifuge  for  lateral  axis  acceleration  test. 


the  aft  end,  and  +10%  in  the  transverse 
direction  measured  at  the  c.g.  The  centri- 
fuge accelerated  the  spacecraft  for  a period 
of  three  minutes  at  29.2  g in  the  thrust 
direction  and  for  periods  of  one  minute  at 
29.2  g in  each  of  four  transverse  directions 
(±X,  ±T). 

During  the  test,  two  telemetry  transmit- 
ters and  two  receivers  were  used.  One  of 
the  transmitters  was  modulated  by  the  space- 
craft encoder,  and  the  output  from  the  asso- 
ciated receiver  was  recorded  on  magnetic 
tape.  The  second  transmitter  was  not  modu- 
lated, but  the  frequency  of  the  receiver 
phase-lock  oscillator  (associated  with  the 
second  transmitter)  was  recorded  on  paper 
tape.  The  magnetic  tape  recording  was 


made  for  later  analysis  in  the  event  of  diffi- 
culty. The  paper  tape  recording  was  made 
to  check  the  frequency  stability  of  the  second 
transmitter  during  simulated  launch. 

ACCEPTANCE  TESTS 
General 

The  flight  model  spacecraft  were  subjected 
to  only  the  first  four  environmental  tests 
previously  described,  but  with  lower  stress 
limits. 

Spin 

The  spin  rate  was  165  rpm  for  acceptance 
tests ; spacecraft  operation  was  the  same  as 
in  qualification  tests. 
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Table  9-9 .—Vibration  Acceptance  Test  Inputs 

- ’ 

Vibration 

Frequency 

Test  dura- 

Acceleration  g, 

axis 

range,  cps 

tion,  min. 

0-to-peak 

Sinusoidal 

Thrust  ( Z-Z ) 

20-50 

0.32 

1.5 

50-500 

0.83 

7.0 

500-2000 

0.50 

14.0 

Lateral  (X-X) 

20-50 

0.32 

0.6 

(Y-Y) 

50-500 

0.83 

1.4 

500-2000 

0.50 

2.8 

Combustion  resonance  dwell 

Thrust  (Z-Z) 

550-650 

15 

57,  or  max 
avail,  from  C210 
machine,  which- 
ever is  less 

Lateral  (X-X) 

550-650 

15 

9.4 

{Y-Y) 

! 

Random  (PSD  level  — 0.03  g2/cps) 

Thrust  (Z-Z) 

20-2000 

2 

7.7 

Lateral  (X-X) 

100-2000 

2 

7.7 

(Y-Y) 

Temperature 

The  tests  were  run  at  temperatures  of 
+5°C  and  +25°C. 

Vibration 

The  vibration  tests  consisted  of  the  inputs 
listed  in  Table  9-9. 

Solar  Simulation 

Solar  simulation  was  performed  with  a 


solar  input  of  0.140  watts  per  square  centi- 
meter with  the  same  schedule  as  in  the 
qualification  tests  (see  Table  9-7)  . 

Authors.  This  chapter  was  written  by 
W.  Schreiner,  R.  Newman,  M.  Gittler, 
and  S.  Rummel  of  the  Radio  Corporation  of 
America,  Princeton,  N ew  Jersey,  U.S.A.  un- 
der contract  NAS  5-1272  with  NASA/ God- 
dard Space  Flight  Center. 


Chapter  10 


Ground  Support  Equipment 


INTRODUCTION 

The  ground  support  equipment  for  Project 
Relay  consisted  of  spacecraft  checkout  equip- 
ment, environmental  simulation  facilities, 
and  handling  fixtures.  Spacecraft  checkout 
equipment  was  subdivided  into  four  groups. 
The  system  groups  were  : 

1.  Microwave  repeater 

2.  Telemetry 

3.  Command 

4.  General  support  equipment. 

Environmental  simulation  equipment  to  be 

described  includes  the  solar  simulator,  de- 
signed and  built  by  the  spacecraft  contractor. 
Other  equipment  used  for  environmental 
simulation  were  commercially  built  vibration 
machines,  thermal-vacuum  test  chambers, 
etc.,  previously  described. 

The  ground  support  handling  fixtures 
constitute  the  mechanical  equipment  de- 
signed to  lift,  hold,  support,  and  protect  the 
spacecraft  reliably  and  safely. 

SPACECRAFT  CHECKOUT  EQUIPMENT 
General 

The  spacecraft  checkout  equipment  was 
assembled  from  standard  electronic  test 
equipment  and  installed  in  either  a 32-foot 
semi-trailer  van  or  within  the  contractor’s 
spacecraft  laboratory,  RCA-AED,  Princeton, 
N.  J. 

The  van  was  supplied  by  NASA/GSFC. 
Table  10-1  lists  data  regarding  the  van: 


Table  10-1. — GSE  Van  Data 


Nameplate  data: 

Freuhauf  Model  SSVV  532,  S/N  FW  113084 
Gross  weight:  35,000  pounds 
Capacity:  24,000  pounds 
Manufactured:  15  October  1956 


Dimensions 

Outside 

Inside 

Height: 

146  inches 

86  inches  (80  inches  clear  of  ducts) 

Width: 

96  inches  (max.) 

87  inches 

Length: 

384  inches 

370  inches  (331.5  inches  clear  of 

air  conditioner) 

The  van  exterior  surfaces  were  made  of 
spot-welded  stainless  steel  panels.  The  wall 
cross-section  included  three  inches  of  glass- 
wool  insulation  with  an  aluminum-foil  vapor 
barrier  and  an  internal  facing  of  ^4-inch 
plywood.  The  floor  consisted  of  l^-inch  ply- 
wood, plus  three  inches  of  insulation.  The 
work  surface  of  the  floor  was  asphalt  tile. 

The  rear  doors  were  mounted  on  offset 
hinges  to  give  access  to  the  full  inside  width 
(87  inches).  The  personnel  door  was  on  the 
curb  side  of  the  forward  half  and  measured 
38.5  inches  wide  by  7 feet  high. 

The  van  air  conditioner  had  a rated  cool- 
ing capacity  of  7 tons.  Cooling  air  was 
carried  through  two  ducts  on  the  ceiling; 
one  discharging  over  the  personnel  area  and 
the  other  along  the  equipment  area. 

A pair  of  plug-in  heaters  were  installed  to 
provide  for  personnel  comfort  during  inclem- 
ent weather. 
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Input  power  consisted  of  two  independent 
208  v,  3 phase,  60  cycle  services ; one  for  the 
air  conditioner  and  the  other  for  remaining 
equipment. 

The  trailer  contained  eight  racks  of  equip- 
ment and  four  work  benches.  (See  Figures 
10-1,  10-2,  and  10-3.) 


DEI  TELEMETRY 
RECEIVER 


BAR  CHART  8-CHANNEL  ANALOG 
DISPLAY  RECORDER 


SPACE  FOR 
TAPE  RECORDER*!  j 

an|: 

PULSE 
SYNCHRONIZE! 


PRINTER 

(DIGITAL  RECORDER) 


BINARY  TO 
DECIMAL  CONVERTER 


UTILITY 

PANEL 


\ 
BLOWER 
PANEL 


BLOWER 

PANEL 


Figure  10-1. — Telemetry  ground  checkout  equipment. 
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SOUND  DtPLEXER 


CIRCUIT  BREAKER  AND 


TRANSMITTER  ANTENNA  PANEL 


RECEIVING  ANTENNA  AND 
VIDEO/AUDIO  PATCH  PANEL 


Figure  10-2.— Wideband  microwave  transmitter  and 
receiver  racks. 


MICROWAVE  REPEATER  CHECKOUT 
EQUIPMENT 

The  microwave  repeater  checkout  pro- 
vided for  transmission  and  reception  of  video 
test  signals  (stairstep,  stairstep  with  super- 
imposed signal,  multiburst,  white  window, 
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DISTORTION 
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Figure  10-3. — Command,  video,  and  general  test 
equipment  racks. 


and  audio  test  signals  (0  to  20-kc  sine 
waves).  These  signals  provided  means  for 
determining  differential  phase,  differential 
gain,  and  low  and  high  frequency  charac- 
teristics. 

Equipment  required  for  transmitting  test 
signals  to  the  microwave  repeater  comprises 
the  following: 

• Swept-frequency  oscillator  (GR  type 
1300  AR) 

• Video-test-signal  generator  (Telechrome 
1003-D1) 

• Group  delay  transmitter  (RCA  MI- 
24365B) 

• MM-600  transmitter  (see  Figures  10-4, 
10-5,  and  10-6) 

• Antenna  (lab  built  1.7-KMC  horn). 

Reception  of  microwave  signals  from  the 

spacecraft  repeater  was  accomplished  with 
the  following  equipment: 

• Antenna 

• MM-600  receiver  (see  Figures  10-7, 
through  10-12) 

• Video-test-signal  receiver  (Telechrome 
1004B ) 

• Group  delay  receiver  (RCA  MI- 
24366A) 

• Oscilloscope 

• Waveform  analyzer  (HP  Model 
302 AR) . 
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Figure  10-4. — Transmitter — sound  diplexer  modulator  section,  block  diagram. 


Telemetry  Checkout  Equipment 

General 

Reception  of  telemetry  data  from  the 
spacecraft  was  accomplished  with  the  follow- 
ing equipment: 

• Antenna  (Taco  yagi,  148  Me) 

• Receiver  (DEI — see  Figure  10-13) 

• Decommutator  (DSC — see  Figure  10- 
14) 

• Oscilloscope 

• Magnetic  tape  recorder  (Ampex  FR- 

1100). 

Much  of  the  Relay  testing  concerned  itself 
either  directly  or  indirectly  with  the  reduc- 
tion of  telemetry  data.  This  was  necessary 
to  test  the  satellite  encoder  and  other  sub- 
systems. Because  of  this  need,  a relatively 
complete  telemetry  decommutation  station 
was  purchased.  Since  simultaneous  readout 
of  all  128  telemetry  channels  was  not  needed, 


a compromise  against  an  overwhelming  vol- 
ume of  equipment  was  reached  by  providing 
for  reduction  of  any  eight  words  in  analog 
form  and  any  three  in  printed  binary  format. 
Alternately,  any  one  word  is  available  in 
decimal  equivalent  along  with  any  other  ad- 
ditional word  in  binary  form.  This  last  ar- 
rangement has  been  exploited  by  reducing 
channel  28  (a  word  subcommutated  64  times) 
in  decimal  printout,  along  with  its  binary 
identification  (word  16). 

The  units  of  the  telemetry  decommuta- 
tion station  (see  Figure  10-14)  included  a 
sensitive,  136-Me,  phase  lock,  PM  receiver 
(DEI) ; a seven-track,  magnetic-tape  recorder 
(Ampex-used  exclusively  in  the  direct  re- 
cording mode)  ; a signal  simulator  (test 
generator)  ; a pulse  synchronizer;  a word 
sync  and  recognition  unit;  an  analog  word 
selector;  a digital  word  selector;  a binary- 
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FEEDBACK  LOOP 


Figure  10-5.— Transmitter—- modulator  section,  block  diagram, 


Figure  10-6. — Transmitter — RF  output  section,  block  diagram. 
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2ND  TRiPLER 


MULTIPLIER  SELECTOR  MIXER 
TUNING  TUNING  TUNING 


Figure  10-7. — Receiver— local  oscillator-mixer  section,  block  diagram. 


"if  input  test" 

Figure  10-8. — Receiver — IF  preamplifier  section,  block  diagram. 


to-decimal  converter ; an  eight-channel,  San- 
born, strip-chart  recorder  (for  the  analog 
word  selection)  ; and  an  HP  digital  recorder 
(printer).  The  last  two  items  are  standard 
laboratory  items  and  will  not  be  discussed 
further. 

An  I.T.T.  1735D  bar  oscilloscope  was  also 
part  of  the  installation.  It  had  limited  use, 
but  did  display  all  128  channels  (in  two 
64-word  sections).  The  display  frame  rate 
(one  per  second)  was  to  rapid  and  made 
reading  too  difficult.  It  did,  however,  prove 
useful  in  displaying  the  output  of  the  radia- 
tion experiment  solar  cells  mounted  on  the 
radiation  damage  panel. 

Po/se  Synchronizer 

The  synchronizer  was  not  one  of  the  logic 
boxes  of  the  decommutation  gear  but  it  per- 
formed the  important  task  of  reconstructing 


a clean  telemetry  signal  and  a true  clock 
pulse,  in  spite  of  considerable  digital  noise. 
The  technique  employed  was  that  of  inte- 
grating a dc  restored  signal  (de  level  is  auto- 
matically adjusted  to  provide  equal  positive 
and  negative  peaks)  for  controlled  periods 
obtained  from  the  reconstructed  clock.  This 
“smoothing  bit  detector”  effectively  proved 
itself  for  use  with  magnetically  recorded  sig- 
nals. After  integration,  the  signal  was 
limited  and  fed  to  a Schmitt  trigger  squaring 
circuit.  This  reconstructed  output  was  used 
as  the  signal  for  the  words  sync  and  recog- 
nition unit. 

The  synchronizer  performed  an  additional 
function:  signals  in  any  acceptable  form 
(NRZ,  MNRZ,  split  phase,  or  RZ)  were  con- 
verted into  the  return-to-zero  (RZ)  format 
for  use  by  the  subsequent  decommutator 
logic. 
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Figure  10-11. — Receiver— video  amplifier  section,  block  diagram. 


Figure  10-12. — Receiver — sound  diplexer  demodulator  section,  block  diagram. 
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Figure  10-13. — Telemetry  receiver  block  diagram. 


Figure  10-14. — Telemetry  ground  checkout  equip- 
ment. 


Test  Generator 

The  decommutation  equipment  was  rela- 
tively complicated  and  therefore  some  form 
of  testing,  independent  of  all  (possibly 
faulty)  input  signals,  was  necessary.  The 
test  generator  could  provide  a substitute 
signal  for  direct  use  with  the  pulse  syn- 
chronizer. The  latter  unit  could  be  bypassed, 
and  the  proper  signal  derived  directly  from 


the  generator  for  use  with  the  word  recog- 
nition unit.  Thus,  the  need  for  converting 
the  normal  word  format  (split  phase)  into 
RZ  signals  used  by  the  rest  of  the  decommu- 
fation  equipment  is  avoided. 

The  test  generator  provided  signals  in 
four  different  forms : RZ,  NRZ,  MNRZ 
(polarity  changes  only  on  the  appearance  of 
a one),  and  split  phase.  The  latter  format 
was  used  by  the  satellite  encoder.  As  im- 
plied above,  however,  this  type  of  code  was 
converted  by  the  pulse  synchronizer  unit  into 
the  RZ  form  for  use  of  the  word  recognition 
unit. 

A stable,  adjustable  multivibrator  pro- 
vided the  substitute  clock  pulse  (1152  cps 
nominal  bit  rate)  simulating  the  encoder. 

The  clock  pulse  signal  was  divided  by  nine 
(four  flip-flops  with  feedback)  to  provide  a 
word  rate  timing  signal.  This  signal  drove 
a single-shot  multivibrator  that  provided  a 
two-/tsec.  word  pulse.  The  word  rate  was 
divided  further  by  128,  using  the  last  five  of 
a set  of  seven  flip-flops.  This  provided  a 
frame  rate  signal  with  duty  cycle  of  4/128 
to  obtain  any  three  chosen  words. 
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The  first  two  flip-flops  of  the  divide-by- 
128  network  were  combined  in  three  sets  of 
and-gates  to  provide  three  separate  signals, 
all  with  25  percent  duty  cycles,  four  words 
wide.  Each  was  shifted  y%  of  the  four-word 
spacing  to  supply  three  separate  lines  (gated 
by  the  frame  rate  pulse)  for  the  first  three 
sync  words.  A fourth  data  line  provided  a 
data  drive  of  124  two-^sec  word  pulses. 

Nine  sets  of  or-gates  fed  the  data  bits 
in  parallel  into  a nine-position  shift  register 
(driven  by  the  clock) . The  polarity  of  each 
bit  could  be  selected  by  a panel-mounted 
toggle  switch. 

The  shift  register  could  be  arranged  in 
sequence  for  each  chosen  word  (including 
the  chosen  sync,  three-word  format)  and 
gated  into  two  serial  line  outputs  by  the 
drive  from  the  clock. 

The  sync  format  was  arranged  by  choosing 
a ground  or  a hot  line  for  each  of  three- 
independently-driven  lines  for  each  of  the 
nine  or-gates  feeding  the  register.  There  was 
no  interference  between  the  lines  since  they 
were  driven  sequentially. 

The  serial  output  of  the  register  was  in 
MNRZ  form.  It  was  combined  with  the  clock 
signals  to  provide  the  split  phase  format, 
simulating  the  satellite  signal. 

Word  Sync  and  Recognition  Unit 

It  was  the  function  of  this  unit  to  recog- 
nize the  27-bit  sync  word  format.  It  counted 
words  and  presented  a word  identification 
signal  to  the  word  selection  units  and  stored 
the  nine-bit  word  data  for  use  in  the  later 
units. 

The  serial  signal  from  the  pulse  syn- 
chronizer (or  the  test  generator)  was  fed 
into  a nine-bit  shift  register  for  parallel 
readout.  Therefore,  the  output  of  this  unit 
was  data  stored  in  a 9-bit  register,  and  a 
means  of  identifying  which  telemetry  word 
was  in  that  register. 

Analog  Word  Selector 

This  unit  allowed  the  operator  to  select 
any  eight  (of  the  128)  words  for  presenta- 
tion as  analog  signals  on  the  Sanborn  strip 
charts. 


Eight  sets  of  thumbwheels  constitute  eight 
gates  for  choosing  words  identified  in  the 
word  recognition  unit.  When  this  choice  was 
satisfied  logically  for  any  word,  the  stored 
data  in  the  recognition  unit  was  transferred 
to  one  of  eight,  9-bit  registers  in  the  analog 
word  selector.  The  data  was  held  and  reset 
during  a word  sync  pulse  each  frame. 

A conventional  D/A  diode  converter  con- 
verted the  outputs  of  eight  flip-flops  to  dc 
signals  for  use  by  the  strip-chart  recorder. 
This  unit  also  supplied  the  necessary  blank- 
ing, sync,  and  deflection  signals  for  the 
I.T.T.  bar  scope  display. 

Digital  Word  Selector 

This  unit  allowed  the  operator  to  select 
any  three  of  the  128  telemetry  words  for 
presentation  on  the  Hewlett  Packard  printer 
as  in  binary  format.  Alternately,  any  one 
word  could  be  printed  in  decimal  form  along 
with  any  one  word  in  binary. 

In  a manner  similar  to  that  used  for  the 
analog  word  selector,  any  three  words  could 
be  stored  in  registers  which  were  transferred 
from  the  word  recognition  unit  for  printout 
purposes,  when  the  selected  word  code 
agreed  with  the  word  identification  presented 
by  the  latter  unit. 

Lamp  drivers  were  fed  from  the  three- 
word  registers  to  provide  a visual  signal  of 
the  register  contents. 

The  output  of  the  three-word  register  di- 
rectly fed  the  HP  printer  via  appropriate 
gates. 

Binary  Decimal  Converter 

The  purpose  of  this  unit  was  to  convert 
the  binary  code  of  the  third  word,  selected 
in  the  previously  discussed  unit,  into  its 
decimal  equivalent.  A word  ready  signal, 
from  the  digital  word  selector,  gated  a 50 
kc  multivibrator  into  a counter  and  three 
conventional  binary-to-decimal  converters. 
The  counter  accumulated  a binary  code  until 
it  matched  the  stored  code  transferred  from 
the  digital  selector’s  register.  A gate  word 
number  3 decimal  signal,  from  the  selector, 
gated  the  stored  decimal  code  into  the 
printer. 
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Command  Checkout  Equipment 

Generation  and  transmission  of  commands 
to  the  spacecraft  were  accomplished  with  the 
following  equipment: 

1.  Command  encoder  (see  Figure  10-15) 

2.  Command  transmitter  (COMCO  Type 
278-6/12  TEF  101) 

8.  Antenna  (Taco  Yagi,  136  Me). 


Figure  10-15. — Command  encoder,  logic  block  dia- 
gram. 


The  especially  designed  encoder  provided 
a pulse  modulated,  5.45-kc  subcarrier  to  the 
spacecraft’s  command  system.  A simple 
PDM  code  provided  20  commands,  any  one 
of  which  could  be  selected  from  the  front 
panel  of  the  equipment.  A panel-mounted 
key  sent  a train  of  five  words  to  the  YHF 
AM  command  transmitter  for  radiation  to 
the  spacecraft. 

The  requirements  of  18  cycles  of  tone  for 
a ZERO,  36  cycles  for  a ONE,  and  54  cycles 
for  a SYNC  were  met  by  utilizing  the  tone 
generator  output  as  the  timer  for  the  keying 
circuit.  The  logic  diagram  is  shown  in  Fig- 
ure 10-15. 

The  5.451-kc  tone  was  divided  by  36  to 
yield  a square-wave  with  a 6-millisecond 
period,  and  divided  again  by  two  to  yield  a 
square-wave  with  a 12-millisecond  period 
(a  ONE  signal).  The  logic  sum  of  these 
signals  formed  a sync  signal,  and  the  logical 
product  formed  a ZERO.  These  three  parts 
of  the  required  code  along  with  a blank  were 


supplied  to  gates,  which  in  turn  were  driven 
by  the  output  of  a 6 x 6 diode  code  matrix.  A 
code  command  switch  selected  any  one  of  the 
20  command  codes.  The  output  of  the  code 
gates  were  mixed,  and  their  sum  was  used 
to  gate  the  output  (subcarrier)  amplifier. 
After  five  words  were  transmitted,  the  am. 
plifier  was  gated  off  (blanked)  until  the  en- 
coder was  keyed  again. 

General  Support  Equipment 

The  following  items  were  required  in  sup- 
port of  general  testing  : 

1.  Oscilloscope  (Tektronix  model  RM  35) 

2.  Waveform  analyzer  (HP  model  302 
AR) 

3.  Miscellaneous  attenuators,  detectors, 
isolators 

4.  VTVM 

5.  AC  voltmeters  (Ballentine  314A). 

Solar  Simulator 

General 

Simulation  of  the  sun’s  effects  on  the 
spacecraft  required  an  ultra  high  intensity 
light  source.  However,  in  order  to  simulate 
the  sun  properly,  both  the  sun’s  intensity 
and  spectral  distribution  must  be  reproduced 
faithfully. 

The  solar  simulator  utilizes  carbon  arc 
lamps,  and  will  irradiate  a 36-inch  diameter 
circle  through  a 10-inch  diameter  port  at 
distances  ranging  from  80  to  100  inches.  It 
duplicates,  within  ±10  percent,  the  incident 
solar  energy  flux  as  it  appears  above  the 
earth’s  atmosphere.  Its  spectral  energy  dis- 
tribution closely  approximates  that  of  the 
sun  (see  Figure  10-16)  . 

Description 

The  radiant  energy  source  for  the  solar 
simulator  was  derived  from  two  13.6  mm 
high-intensity  carbon  arc  lamps,  operated 
at  77  volts  and  160  amperes.  These  lamps 
could  operate  for  one  hour  before  the  carbon 
electrodes  had  to  be  changed  and  the  change 
could  be  made  in  less  than  one  minute.  One 
lamp  could  supply  sufficient  energy  to  simu- 
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Figure  10-16.— Spectral  energy  distribution  of  13.6 
mm  high  intensity  carbon  arc  vs.  solar  spectrum. 


late  the  sun’s  intensity  as  it  appears  at  the 
earth.  However,  the  optical  system  to  col- 
lect this  energy  and  distribute  it  uniformly 
over  the  target  area  was  subject  to  blocking 
by  a support  pedestal  of  the  electrode  feed 
mechanism.  This  resulted  in  the  shadow  of 
the  pedestal  being  projected  onto  the  target. 
To  eliminate  the  shadow,  two  lamps  were 
used.  The  projected  halves  were  mated  on 
the  target  to  provide  a field  of  uniform  in- 
cident energy.  The  solar  simulator  configura- 
tion is  shown  in  Figure  10-17.  A removable 
shield  was  employed  in  each  lamp-house  to 
block-off  energy.  Removal  of  these  shields 
would  enable  the  simulator  to  supply  twice 
the  solar  intensity  to  most  of  the  target 
area. 


Figure  10-17. — Solar  simulator  configuration. 


Rays  emanating  from  the  lamp  passed 
through  a quartz  window  and  diverged  to 
cover  the  36-inch  diameter  target.  This  re- 
sulted in  deviation  of  the  outer  rays  from  the 
normal  to  the  target  plane  of  8 14  degrees  at 
the  outer  edge  of  the  target.  This  deviation 
resulted  in  a maximum  error  of  the  energy 
impingement  of  114  percent  on  a flat  surface 
in  the  target  plane.  If  the  surface  were  con- 
vex, the  error  could  be  greater.  However, 
the  error  due  to  this  deviation  decreased  at 
points  nearer  the  center  of  the  target. 

The  projection  system  for  each  lamp  was 
composed  of  a three-element  reflector  and  a 
diagonal  mirror  to  fold  the  light  path  so  as 
to  combine  the  rays  from  the  two  arc  lamps. 
Each  element  of  the  reflector  focused  en- 
ergy from  the  carbon  arc  onto  a portion  of 
the  target  to  provide  the  required  uniform 
distribution  of  incident  energy  (see  Figures 
10-18  and  10-19) . All  reflectors  were  vacu- 
um plated  with  aluminum  for  high  reflection 
and  were  overlaid  with  a coating  of  silicon 
monoxide  to  minimize  oxidation  and  abrasive 
effects  from  service. 

The  arc  lamps  were  mounted  on  a rigid 
frame  that  included  all  of  the  operating 
controls  and  had  retractable  casters. 

Incident  energy  flux  of  the  solar  simu- 
lator’s beam  at  the  target  was  initially  con- 
trolled by  proper  adjustment  and  alignment 
of  the  three-element  reflector.  With  use,  the 
energy  flux  decreased  by  approximately  five 
percent  in  24  hours  due  to  degradation  of 
the  reflectors  as  a result  of  smoke  and  sput- 
tering of  the  arc,  and  adjustments  were  made 
accordingly. 

Entry  Port 

The  entry  port  for  the  solar  radiation 
simulator  was  constructed  of  fused  quartz, 
GE  type  105.  Figure  10-20  shows  the  trans- 
mission curves  of  several  optical  materials, 
including  the  type  used. 

Power  Supply 

The  solar  simulators  were  designed  to  op- 
erate from  a three-phase,  60-cyele,  440-volt, 
50-ampere  power  source.  Additional  utilities 
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FIGURE  10-18. — Three  element  reflector  ray  diagram. 


Figure  10-19.— Two  source  energy  distribution  of 
solar  simulator  on  a 36-inch  target. 

required  for  the  solar  simulators  were:  115- 
volt  single-phase  60-cycle  power,  water,  90- 
psi  air,  and  an  air  exhaust  system.  The 
additional  utilities  are  shown  in  Figure 
10-21. 

System  Layout 

The  solar  simulator  assembly  was  designed 
to  operate  in  conjunction  with  a 6-foot  di- 


Figure 10-20. — Transmission  characteristics  of  op- 
tical materials. 


ameter  X 10-foot  long,  vacuum  chamber.  The 
installation  arrangement  is  shown  in  Fig- 
ure 10-22.  The  operational  position  of  the 
simulator  is  drawn  in  solid  lines.  The  tem- 
porary (alignment)  position  is  shown  by 
dotted  lines.  These  two  arrangements  afford 
the  maximum  safety. 

Output  Measurements 

The  incident  energy  output  of  the  solar 
simulator  was  measured  with  a ten-j  unction 
pyrheliometer  manufactured  by  Epply  Labo- 
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Figure  10-21. — Solar  simulator  cooling  and  exhaust 
system. 


ratory,  Inc.  This  instrument  and  a portable 
millivoltmeter  were  used  for  calibrating  the 
solar  simulator.  They  were  mounted  on  a 
special  support  fixture  in  the  target  area  and 
the  fixture  was  controlled  remotely  by  cables. 

The  pyrheliometer  was  mounted  on  a hor- 
izontally and  vertically  translating  slide  so 
that  it  could  be  moved  to  any  point  in  the 
target  plane.  The  reverse  side  of  the  test 
target  was  graduated  in  2-inch  squares.  The 
slide  was  moved  from  point  to  point  to  posi- 
tion the  pyrheliometer  in  the  solar  simu- 
lator’s beam  while  it  was  operating.  The 
test  target  thus  protected  the  operator  from 
exposure  to  the  intense  radiation  of  the  solar 
simulator.  The  test  target  also  provided  a 
means  for  accurately  recording  the  solar 
simulator’s  light  output  and  facilitates  ad- 
justment and  calibration. 

Design  Considerations 

A simulator  that  closely  simulated  the 
sun’s  effects  was  developed,  utilizing  existing 


Figure  10-22. — Solar  simulator  test  installation. 
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state-of-the-art  concepts  because  it  was  felt 
that  this  would  fulfill  requirements  with 
minimum  expenditure  and  delay.  General 
design  concepts  were  studied  and  a prelim- 
inary reflector  drawing  was  made. 

Ray  traces  were  drawn  to  check  for  possi- 
ble problems.  A wooden  mock-up  of  the 
3-element  reflector,  shown  in  Figure  10-23, 
was  also  constructed  to  check  for  interfer- 
ences within  the  lamp  housing.  Figure 
10-24  shows  the  wooden  reflector  mounted 
in  the  lamp  housing. 


The  lamp  housing  ductwork  was  investi- 
gated to  evaluate  accommodation  for  ray 
passage  and  support  of  the  new  reflector. 
The  reflector  support  inside  the  lamp  hous- 
ing was  redesigned  to  accept  the  new  three- 
element  reflector  shown  in  Figure  10-25. 


Figure  10-23. — Wooden  mockup  of  solar  simulator 
reflector. 


Figure  10-24.— Reflector  mockup  mounted  in  lamp 
housing. 


A test  assembly  to  align  the  optical  sys- 
tem was  designed  also.  The  test  assembly 
eliminated  the  need  for  striking  an  arc  and 
then  shutting  down  for  slight  reflector  ad- 
justments. Thus,  the  field  pattern  could  be 
adjusted  safely  by  the  operator.  The  sche- 
matic description  of  the  alignment  assembly 
is  shown  in  Figure  10-26. 

The  lamp  housing  was  modified  to  provide 
both  cooling  for  the  reflector  and  air  wash- 
ing of  the  reflection  surfaces.  The  latter  was 
to  prevent  the  formation  of  carbon  deposits 
on  the  surface. 

In  addition,  extreme  care  was  taken  to 
provide  maximum  protection  for  the  oper- 
ator and  others  who  might  be  in  the  area. 
Operators  were  required  to  wear  shade  No. 
14  welders  goggles  and  protective  skin 
cream.  Interlocks  were  provided  on  all  ac- 
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Figure  10-26. — Reflector  alignment  fixture. 


cess  doors  to  the  lamp  house.  Baffles  were 
used  around  the  exit  light  port  to  minimize 
stray  light  reflection.  The  operating  area 
was  enclosed  in  order  to  keep  unauthorized 
personnel  out  of  the  area. 

The  lamp  housing  was  a standard  projec- 
tion source  supplied  by  Strong  Electric  Co. 
A proper  arc  was  maintained  between  two 
carbon  rods  by  means  of  a drive  servo  that 
sensed  the  arc  temperature  via  a lens  system 
and  actuated  by  a bimetallic  thermal  relay.  In 
turn  the  relay  actuated  the  rod  drive  motors 
as  shown  in  Figure  10-27.  The  wiring  dia- 
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Figure  10-27. — Lens  servo  arc  temperature  sensing 
system. 


gram  for  the  lamp  house  is  shown  in  Figure 
10-28.  Power  supplies  for  the  source  were 
selenium  rectifiers  which  required  440-volt, 
60-cycle,  3-phase  input.  The  schematic  dia- 
gram for  the  rectifier  is  shown  in  Figure 
10-29. 

A system  control  panel  was  supplied  with 
each  lamp.  It  provided  for  proper  sequenc- 
ing of  switching,  and  ensured  that  the 
housing  received  proper  cooling  when  in 
operation.  The  schematic  diagram  of  the 
control  panel  is  shown  in  Figure  10-30. 

HANDLING  PROCEDURES  AND  FIXTURES 
General 

The  handling  procedures  and  fixtures  used 
on  Project  Relay  were  governed  not  only  by 
the  normal  considerations  for  reliability, 
safety,  and  ease  of  implementation,  but  also 
by  the  configuration  of  the  spacecraft  whose 
lifting,  holding,  or  supporting  points  were 
limited. 

In  the  flight  configuration,  the  upper  and 
lower  ends  of  the  volume  enclosed  by  the 
solar  panels  were  sealed  by  segments  of  the 
coated  mylar  thermal  enclosure  (see  Figure 
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Figure  10-28.— Lens  servo  arc  temperature  sensing 
system,  schematic  diagram. 


Figure  10-31. — Relay  spacecraft. 


GROUND  SUPPORT  EQUIPMENT 


223 


It  was  decided  to  provide  some  attachment 
point  near  the  top  of  the  spacecraft,  to  pro- 
vide stability  in  handling  and  also  to  free 
the  separation  ring  for  use  as  a rigid  clamp- 
ing surface.  Since  the  tops  of  the  solar 
panels  were  almost  9 inches  above  the  top 
of  the  structure,  providing  attachment  points 
from  the  structure  would  require  brackets  to 
span  9 inches,  and  would  impose  an  undesir- 
able weight  penalty  if  made  permanent.  It 
was  decided  therefore  to  incorporate  an  at- 
tachment point  on  the  wideband  antenna 
which  took  the  form  of  a lip,  V6  inch  wide 
and  Vs  inch  high,  machined  into  the  main 
tubular  section  of  the  antenna,  above  the 
plane  of  the  top  of  the  panels.  The  antenna 
was  mounted  directly  to  the  main  spacecraft 
structure. 


Vertical  Lifting  Fixture 

The  mating,  vertical  lifting  fixture  (see 
Figure  10-32)  consisted  of  a clamp,  hinged 
to  fit  around  the  antenna,  with  a machined 
groove  to  accept  the  antenna  lip.  The  clamp 
was  held  closed  by  a self -locking  pin.  A steel 
strap,  suitably  contoured  to  clear  the  upper 
part  of  the  antenna  was  bolted  to  and  formed 
part  of  the  clamp  assembly,  and  was  fitted 
with  a U-bolt  large  enough  for  crane  hooks. 


SECTION  A-A 

Figure  10-32. — Vertical  lifting  fixture. 


Work  Stand 

The  basic  fixture  for  assembly  and  in-plant 
transportation  was  the  work  stand  (see  Fig- 
ure 10-33).  This  consisted  of  a welded 
angle  iron  tripod,  fitted  with  locking  casters 
and  included  a hinged  mounting  plate  to 
allow  tilting  the  spacecraft  to  90°  from  the 
vertical.  A machined  ring,  simulating  the 
third  stage  attach  fitting,  was  bolted  to  this 
stand.  The  spacecraft  was  fastened  to  the 
stand  by  a Marman-type  clamp  similar  to 
the  clamp  used  on  the  launch  vehicle. 

Horizontal  Lifting  Fixture 

The  horizontal  lifting  fixture  (see  Figure 
10-34)  was  an  aluminum  channel  with  ex- 
tended supports  for  engaging  the  separation 
ring  and  the  antenna  when  the  spacecraft 
was  in  horizontal  position.  To  use  this  fix- 


ture; 1)  the  spacecraft  was  tilted  on  the 
work  stand  with  its  spin  axis  horizontal,  2) 
the  lifting  fixture  was  attached,  and  all  slack 
was  taken  up  by  a portable  hydraulic  crane, 
3)  the  spacecraft  was  released  from  the  work 
stand.  This  procedure  was  required  for 
mounting  the  spacecraft  in  the  horizontal 
balance  machine. 

Bird  Cage 

The  bird  cage  (see  Figure  10-35)  was  a 
frame  consisting  of  three  L-shaped  aluminum 
bars  (the  short  legs  of  which  were  fastened 
to  the  spacecraft  mounting  ring  through  an 
adapter)  and  two  triangular  rings  which 
fastened  to  and  supported  the  vertical  legs. 
This  frame  permitted  handling  the  space- 
craft while  it  was  fastened  only  at  the  sepa- 
ration ring.  The  spacecraft  could  be  turned 
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Figure  10-33. — Relay  spacecraft  on  work  stand. 


upside  down,  as  required  for  the  micro-bal- 
ancing machine;  or  it  could  be  supported 
horizontally  with  access  to  the  bottom  of  the 
separation  ring,  (as  used  in  the  moment  of 
inertia  measurement)  ; or  it  could  be  used 
as  a carrier. 

Shipping  Container 

The  design  of  the  shipping  container  was 
a departure  from  the  standard  type  of  pro- 
tective enclosure.  Without  compromising 
the  basic  protective  function  of  the  container, 
it  was  decided  to  incorporate  some  features 
which  would  facilitate  its  use  (see  Figure 
10-36).  Thus,  the  container  material  se- 
lected was  aluminum,  and  standard  toggle 
latches  were  employed  instead  of  bolt  and 
nut  closure  of  the  two  sections.  Also  a split 
sliding  clamp  was  employed  to  hold  the  space- 
craft. A ring,  designed  to  mate  with  the 
spacecraft  separation  ring,  was  bolted  to 
the  suspension  frame  of  the  container,  and 
the  split  clamp  arranged  to  hold  this  ring 
and  the  separation  ring  of  the  spacecraft 
together.  Toggle  latches  were  used  to  lock 
the  two  halves  of  the  clamp  together.  A 
shackle  mounted  to  a T-bar  spanning  the 
top  of  the  container  provided  a lifting  point, 


Figure  10-34. — Horizontal  lifting-  fixture. 
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Unhooking  Container 


Figure  10-35. — Spacecraft  model  mounted  in  “bird 


Container  with  guide  bar 
removed  and  clamp  open 


thus  eliminating  the  need  for  removable 
slings  and  also  reducing  the  headroom  re- 
quired to  lift  the  top  section  of  the  container 
clear  of  the  spacecraft. 

The  entire  shipping  container  weighed 
less  than  250  lb  and  it  was  possible  to  install 
or  remove  the  spacecraft,  without  the  use  of 
any  tools,  in  a very  short  time. 

The  prototype  shipping  container  was 
subjected  to  rough  handling  tests  prior  to 
use.  These  tests  included  the  edgewise-drop 
test,  the  pendulum-impact  test,  and  the  in- 
clined-stability test.  The  container  was 
pressurized  before  and  after  the  tests  and 


Figure  10-36. — Relay  spacecraft  shipping  container. 


found  to  be  free  of  leaks.  Accelerations 
measured  at  the  base  of  the  dummy  load 
during  the  impact  and  drop  tests  did  not 
exceed  the  test  criteria  of  15  g in  the  Z-axis 
direction  and  10  g in  the  X and  Y-axes. 

Authors.  This  chapter  was  written  by 
W.  Schreiner,  R.  Newman,  and  M.  Gittler 
of  the  Radio  Corporation  of  America,  Prince- 
ton, New  Jersey,  U.S.A.  under  contract  NAS 
5-1272  with  NASA/Goddard  Space  Flight 
Center. 
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Systems  Integration 


GENERAL 

The  systems  integration  effort  consisted 
of  qualification  testing  of  the  basic  design 
(using  the  prototype  spacecraft)  and  accept- 
ance testing  of  workmanship  (using  the 
flight  model  spacecraft) . Both  standard 
electrical  test  equipment  and  equipment  spe- 
cially constructed  for  the  tests  were  used. 
The  test  equipment  is  listed  in  Table  11-1. 

All  environmental  measurements  and  re- 
cordings were  made  with  instruments  con- 
forming to  acceptable  laboratory  standards 
of  accuracy.  Instrument  calibrations  were 
established  prior  to  testing  and  were  checked 
periodically  to  assure  accuracy  of  measure- 
ment. 

The  sequence  of  environmental  tests  was 
determined  primarily  by  the  availability  of 
the  test  facilities.  The  general  electrical  test 
philosophy  was  to  have  an  electrical  per- 
formance test  before  and  after  each  environ- 
mental test.  When  both  tests  were  scheduled 
concurrently,  only  the  more  stringent  test 
was  performed. 

Before  any  of  the  environmental  tests  were 
performed,  the  spacecraft  was  subjected  to 
the  comprehensive  operational  test  under 
room  conditions.  A record  was  made  of  all 
data  necessary  to  determine  compliance  with 
the  applicable  spacecraft  specifications.  These 
recorded  data  provided  the  criteria  for  check- 
ing satisfactory  performance  of  the  space- 
craft before,  during,  or  after  environmental 
tests. 


Test  data  was  entered  on  data  sheets  pre- 
pared for  that  specific  test  whenever  possible. 

A detailed  test  log  was  maintained  suitable 
for  reliability  review.  The  log  contained  all 
pertinent  test  information  including  that 
entered  in  the  test  data  sheets. 

All  electrical  performance  checks  were 
made  in  a dean  room,  having  filtered  air  and 
controlled  temperature  and  humidity.  Stand- 
ard procedures  for  clean-room  operation 
were  in  effect  at  all  times  during  the  elec- 
trical performance  checks. 

ASSEMBLY,  QUALIFICATION,  AND 
ACCEPTANCE  TESTS 

Assembly  Tests 

Balancing 

Specification — 

The  balancing  operation  on  the  Relay 
Spacecraft  was  performed  in  accordance 
with  the  requirements  of  Relay  Spacecraft 
Environmental  Qualification  Test  Specifica- 
tion Number  Rl-0101.  The  following  were 
the  major  requirements: 

1.  Maximum  C.G.  offset  of  spacecraft 
principal  axis  from  spin  axis  shall  be  less 
than  0.005  in.  (amended  by  waiver  to 
0.01  in.). 

2.  Tilt  of  spacecraft  principal  axis  with 
respect  to  spin  axis  shall  not  exceed  0.008 
radian  (amended  by  waiver  to  0.016  radian) . 

Horizontal  Balancing  Machine  Description — 

The  horizontal  (two-plane)  balancing  ma- 
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Table  1 1—1. r— Electrical  Test  Equipment 


Equipment 

Manufacturer  and  type  no. 

Equipment 

Manufacturer  and  type  no. 

FM  signal  generator 

Marconi  TF  1066B 

Regulated  power  supply 

Alfred  218  BX 

Directional  coupler 

Hewlett  Packard  767  D 

VHF  signal  generator- 

HP-608D 

Power  meter _ 

Hewlett  Packard  431 A 
Panoramic  SPA-4A 

Simpson  270 
Telechrome  1003  DIA 

Spectrum  Analyzer 

Test  pattern  generator.- 

Microwave  transmitting 

Test  pattern  receiver 

Telechrome  1004  B 

and  receiving  system. 

RCA  MM600 

Pre-emphasis  network 

RCA  laboratory  model 

a.  Modulator 

MI  24371  B 

De-emphasis  network—. 

RCA  laboratory  model 

b.  Demodulator. 

MI  24351  C 

Noise  loading  trans. 

RCA  Cl-86 

c.  IF  amplifier 

MI  24350  C 

Noise  loading  receiver.  . 

RCA  C 1.-87 

d.  IF  pre-amp 

MI  25296  A 

Signal  generator 

e.  Local  osc.  and 

(2  required) 

Hewlett-Packard  HP614A 

Mixer. 

MI  25297  A 

Signal  generator 

f.  Video  amplifier 

MI  24373,  A1  and  B1 

(1  required) 

Hewlett-Packard  HP618A 

g.  Transmitter 

MI  35270  A 

Calorimetric  power 

Sweep  generator  _ _ 

Alfred  GA-A08with  605-102  plug  in  head. 

bridge — - 

Hewlett-Packard  434 A 

Detector 

Hewlett-Packard  420A 

Power  bridge- — 

Hewlett-Packard  HP430C 

Differential  voltmeter  - - 

J.  Fluke  801 

Directional  coupler 

Hewlett-Packard  HP  750A 

Audio  oscillator 

Hewlett  Packard  650  A 

Variable  attenuator 

Sanders  Associates  Model  1 

Decade  counter 

Hewlett  Packard  524B  with  525A  and 

Variable  attenuator 

Hewlett-Packard  HP355A 

525B  plug  in  units. 

Fixed  attenuator 

Polytechnic  Research  1100 

Transfer  oscillator 

Hewlett  Packard  540-B 

Termination  load-  _ 

Bird  81B 

Hybrid 

Narda  3033 

Low-pass  filter  (5  kMc)_ 

Microlab  LA  50T 

Oscilloscope 

Tektronix  545A 

Band-pass  filter 

Oscilloscope,  plug  in 

(tunable) 

Waveline  90116-5 

high  gain 

Tektronix  H 

Horizon  scanner 

Oscilloscope,  plug  in 

demodulator.  

RCA  Laboratory  Model 

dual  trace 

Tektronix  CA 

Aluminum  shroud  and 

Dwg  Nos.  1179665  thru  7,  RCA 

High  voltage  probe__ 

Tektronix,  50  X att.cn. 

windshield  for 

Laboratory  Model 

RMS  VTVM 

Ballantine  320 

centrifuge 

Telemetry  decommuta- 

Test adapter  plugs 

3 types 

tion  and  display 

Data  Control  Systems 

Solar  simulator  . _ _ 

RCA  laboratory  model 

Special  purpose  receiver 

Nems-Clarke  1906 

Heat  source 

Attenuator 

50  db,  50  ohms 

(horizon  scanner) 

RCA  laboratory  model 

Power  supply 

HP-721A 

Plane  mirror  (inertia). __ 

RCA  laboratory  model 

Power  supply,  22.5  v 

0-5A.  dc  ammeter, 

Keps  SC-32-5 

Encoder 

Calibrated  inertia 

RCA  laboratory  model 

±0.5%.- - 

Day strom  Model  931 

measurement  bar  _ . 

RCA  laboratory  model 

High  voltage  meter  

Sens.  res.  SEW7 

Horizontal  (two-plane) 

Filter 

Krohnhite  Model  330M 

balancing  machine 

RCA  laboratory  model 

0-3  A.  ammeter 

WE  31347 

Vertical  balancing 

0—1  A.  ammeter 

WE  931 

machine _ 

Micro  Balancing,  Inc, 
RCA  laboratory  model 

Variac  

GR  17006 

Balancing  weights.  

VTVM 

RCA-WV  97A 

Spin  rig__  

RCA  laboratory  model 

Digital  VM 

E I DV51-B 

Dial  indicator — .001, 

Variable  attenuator 

Kay  Lab  Model  30 

24-inch  extension  arm. 

Noise  figure  meter__ 

HP-342A 

Vertical  axis  vibration 

UHF  noise  source 

Carrier  frequency 

HP-349A 

fixture 

Lateral-longitudinal  axis 

RCA  laboratory  model 

voltmeter  _ 

Sierra  10 1C 

vibration  fixture 

RCA  laboratory  model 

Absorption  wavemeter.. 

FXR  N414A;  N410A 

Marman-type  vibration 

Group-delay  transmitter 
Group-delay  receiver 

RCA  MI-24365B 
RCA  MI-24366A 

clamp 

RCA  laboratory  model 

chine,  designed  and  fabricated  by  RCA- 
AED,  consisted  of  two  support  bearings  to 
carry  the  workpiece  with  the  spin  axis  hori- 
zontal. The  support  bearings  were  hung  by 
thin  steel  straps  in  a flexure  suspension 
which  permitted  deflection  in  a horizontal 
plane  in  a direction  normal  to  the  spin  axis. 
The  workpiece  was  rotated,  through  a 


universal  joint,  by  an  ac  induction  motor 
equipped  with  a pulley  speed  reducer,  at  a 
speed  of  160  rpm. 

Each  support  bearing  was  attached  to  the 
core  of  a linear,  variable,  differential  trans- 
former, which,  in  conjunction  with  an  exci- 
tation oscillator  and  phase-sensitive  detec- 
tors, yielded  a voltage  proportional  to  the 
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bearing-  displacement.  This  voltage  was  read 
on  a calibrated  meter.  Direction  of  unbalance 
was  indicated  on  a reference  angle  disc 
mounted  on  the  drive  shaft  and  illuminated 
by  a strobe  light  synchronized  to  the  bearing 
deflection  voltage.  The  system  was  sensitive 
to  2 inch-ounces  in  each  bearing  plane. 

Operating  Principle — When  the  workpiece 
was  turned  in  the  support  bearings,  it  tended 
to  rotate  about  its  principal  axis  of  inertia. 
If  any  dynamic  unbalance  existed,  the  prin- 
cipal axis  did  not  coincide  with  the  geometric 
axis,  and  dynamic  forces  produced  by  rota- 
tion caused  displacement  of  the  bearings. 

These  displacements,  measured  in  magni- 
tude and  direction,  were  indicated  by  the 
machine  on  the  calibrated  voltmeter  and 
reference  angle  disc,  respectively. 

Vertical  Balancing  Machine  Description— 

The  vertical  balancing  machine  (see  Fig- 
ure 11-1),  was  a special  device  designed  and 
built  by  Micro  Balancing,  Inc.,  Garden  City 
Park,  Long  Island,  New  York.  It  consisted 
of  a tripod  structure  (carrying  a rotational, 
double-pendulum  shaft)  and  a control  con- 
sole (housing  indicators  and  controls).  The 
pendulum  shaft  was  equipped  with  two  uni- 
versal joints,  located  at  top  and  bottom.  The 


drive  motor  synchro 


bottom  joint  was  located  just  above  the  work- 
piece  mounting  adapter  and  could  be  immo- 
bilized to  form  a single  pendulum  shaft.  A 
clamp  was  provided  to  plumb-align  the  upper 
shaft. 

Transducers,  which  measured  the  eccen- 
tricity of  shaft  rotation,  were  mounted  at 
the  lower  universal  joint  and  at  a point 
approximately  22  inches  above  it.  A syncro 
transmitter,  rotating  with  the  shaft,  pro- 
vided an  angular  reference  signal  for  deter- 
mining the  direction  of  unbalance.  Also  a 
tachometer,  driven  by  the  shaft,  was  mounted 
on  the  tripod  structure. 

Performance  specifications  provided  by  the 
builder  were  as  follows : 

a.  Workpiece  weight — 50  to  300  pounds 

b.  Workpiece  diameter — 20  to  60  inches 

C.  Balancing  speed — 120  to  300  rpm 

d.  Accuracy  of  static  balance — 0.002  inch* 
center  of  gravity  to  spin  axis  (verbal  guar- 
antee of  0.001  inch) 

e.  Accuracy  of  dynamic  balance — 0.1  de- 
gree* (verbal  guarantee  of  0.02  degree) . 

Operating  Principle — The  static  balancing 
operation  was  performed  with  the  lower 
universal  joint  immobilized.  The  workpiece 
tended  to  rotate  about  its  center  of  gravity 
with  the  pendulum  shaft,  describing  a cone 
locus  (see  Figure  11-2).  Consequently,  the 
lower  transducer  output  was  a sinusoid 
whose  amplitude  was  proportional  to  the 
center  of  gravity’s  location  from  the  geo- 
metric axis,  and  whose  frequency  was  pro- 
portional to  the  speed  of  rotation.  The  phase 
of  the  transducer  output  (relative  to  the 
shaft  synchro  signal)  was  determined  by 
the  direction  of  unbalance  as  measured  from 
a pre-set  index  point. 

Dynamic  balancing  was  performed  after 
static  balancing.  With  the  lower  joint  free, 
the  workpiece  tended  to  rotate  about  its 
principal  axis  of  inertia,  and  the  shaft  as- 
sumed some  position  to  accommodate  this 
condition  (see  Figure  11-3).  As  a result, 

* Balance  accuracy  given  for  workpieces  weighing 
50  pounds  minimum  and  having  a center  of  gravity 
30  inches  maximum  from  the  mounting  surface. 


Figure  11-1. — Vertical  balancing  machine. 
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Figure  11-2. — Action  of  static  unbalance. 


Figure  11-3. — Action  of  dynamic  unbalance. 


the  upper  transducer  output  was  propor- 
tional to  the  dynamic  unbalance,  as  defined 
by  the  sine  of  the  angle  between  the  princi- 
pal and  geometric  axes.  Signal  frequency 
was  determined  as  in  the  static  balancing 
operation.  Phase  determination,  however, 
was  complicated  by  the  fact  that  operation 
would  occur  probably  at  a speed  of  rotation 
not  far  above  the  resonant  frequency  of  the 
lower  pendulum.  The  phase  shift,  due  to 
this  proximity  to  resonance,  had  to  be  deter- 
mined experimentally,  and  readings  were 
adjusted  to  yield  the  proper  direction  of 
unbalance. 


Balancing  Procedure— 

The  balancing  operation  was  performed 
in  three  stages:  First  a preliminary  rough 
balance  of  the  spacecraft  without  solar  pan- 
els was  made  on  the  horizontal  balance 
machine;  then,  a rough  and  fine  static  bal- 
ance on  the  vertical  balancing  machine ; and 
last,  the  fine  balance  on  the  vertical  balanc- 
ing machine  was  made. 

For  the  horizontal  machine,  the  equivalent 
of  a shaft,  locked  to  the  spacecraft  and  ex- 
tending beyond  it  on  both  sides,  was  required. 
An  assembly  fixture  shaft  was  used  for  the 
base  end  to  orient  structural  members  dur- 
ing assembly.  Although  the  wideband  an- 
tenna was  to  be  used  as  the  extension  of  this 
shaft  at  the  other  end,  possible  antenna 
damage  was  avoided  by  replacing  the  an- 
tenna with  a steel  stub  shaft.  The  solar 
panels  were  left  off  during  the  rough  balance 
because  it  was  inconvenient  to  add  large 
weights  with  the  panels  in  place.  Compen- 
sating weights  were  added  to  the  structure 
to  account  for  the  components  mounted  on 
two  panels.  Since  the  panels  themselves 
were  approximately  equal  in  weight,  their 
removal  had  a minimal  effect  on  spacecraft 
balance.  Thus,  the  configuration  balance 
was  considerably  different  from  the  flight 
model  spacecraft;  however,  it  was  adequate 
for  the  determination  and  correction  of  large 
unbalances. 

With  the  wideband  antenna  and  solar  pan- 
els removed,  the  adapter  shaft  and  antenna 
stub  were  installed,  and  the  spacecraft  trans- 
ported to  the  balance  machine  on  the  work 
handling  dolly  and  tilted  to  the  horizontal 
position.  The  horizontal  lifting  fixture  was 
attached,  and  the  load  picked  up  by  a port- 
able hydraulic  boom,  the  Tubar  crane.  The 
clamp  holding  the  spacecraft  to  the  dolly 
was  removed,  and  the  spacecraft  was  care- 
fully positioned  on  the  balance  machine. 

The  spacecraft  was  spun  at  160  rpm  dur- 
ing the  balancing  operation.  Displacement 
readings  were  taken  at  each  shaft  bearing 
support.  The  upper  and  lower  solar  panel 
support  rings  were  used  to  mount  temporary 
balancing  weights.  A trial  balance  weight 
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was  attached  to  the  upper  panel  supporting 
rings,  and  the  bearing  displacement  readings 
were  taken  again.  The  trial  weight  was 
shifted  twice,  120°  around  the  ring  each 
time,  and  displacement  readings  of  both 
bearings  were  taken  each  time.  The  required 
balance  weight  and  location  was  then  cal- 
culated for  the  upper  plane.  The  same  pro- 
cedure was  followed  on  the  lower  ring  to 
determine  the  balance  correction  weights  re- 
quired for  the  lower  plane.  This  procedure 
was  repeated  until  the  residual  unbalance 
was  less  than  0.050  inch  static  unbalance, 
and  dynamic  unbalance  less  than  0.08  radian 
tilt.  Using  the  data  taken  in  the  trial  runs, 
EWx,  EWy,  EWxz  and  EWyz  were  calcu- 
lated and,  using  the  equations  in  paragraph 
2 below,  the  minimum  balance  weights  and 
their  location  on  the  cruciform  was  deter- 
mined. The  spacecraft  was  rechecked  after 
the  balance  weights  were  poured. 

The  spacecraft  was  removed  from  the 
horizontal  balancing  machine,  and  the  panel 
component  compensating  weight,  assembly 
shaft,  and  adapter  stub  shaft  were  removed. 
The  solar  panels  and  wideband  antenna  were 
installed,  and  the  spacecraft  was  in  the  flight 
configuration. 

The  fine  balance  operation  was  performed 
on  the  vertical  balancing  machine  located  at 
Bell  Telephone  Laboratories,  Whippany,  N.J. 

1.  Repeated  Trial  Weight  Method  of  De- 
termining Balance 

The  trial  weight  unbalance  in  the  trial 
weight  method  of  determining  balance  was 
represented  by  2\  (mass  times  radius  in 
ounce-inches).  The  four  bearing  deflection 
magnitude  readings  were  represented  by: 

u = Amount  of  unbalance  without  trial 
weight 

ra  = Amount  of  unbalance  with  trial 
weight  at  0 

rh  = Amount  of  unbalance  with  trial 
weight  at  0 + 120° 

rc  = Amount  of  unbalance  with  trial 
weight  at  0 -)-  240°. 


Referring  to  Figure  11-4,  three  lines  (OA, 
OB,  and  0(7)  of  length  ^ were  drawn  to  a 
convenient  scale  representing  the  successive 
angular  positions  of  the  test  unbalance  Ti, 
From  A,  B and  C,  arcs  of  radius  ra,  rt,  and  r0 
respectively,  were  drawn  to  the  same  scale. 
The  arcs  seldom  intersected  at  a point  be- 
cause of  experimental  error,  and  the  mean 
position  U was  estimated  as  shown. 


Figure  Trial  weight  method  for  determining 

balance. 


The  unbalance  requiring  correction  was 
then  in  the  direction  shown  as  a broken 
line.  The  magnitude  of  the  unbalance  was : 

U=T>  Hr) 

2.  Static  and  Dynamic  Balance  Equations 

For  complete  static  and  dynamic  balance 
of  the  spacecraft,  the  following  equations 
had  to  be  satisfied: 

x = 01  Static 

^Wv  = 0 J btatlc 

= 0 j DyIla,,,io 

The  dynamic  and  static  balances  with  N 
number  of  weights  at  locations  x{,  yu  and  z{, 
were  determined  experimentally  (see  Figure 
11-5). 

With  the  required  balancing  weights  and 
locations  to  balance  the  spacecraft,  deter- 
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Figure  11-5. — Representation  of  cruciform  structure 
with  typical  arrangement  of  weights  and  orienta- 
tion of  axes. 

mined  experimentally,  the  following  were 
calculated : 

£ WlXi  = Ny 

$===1 

£ WiUi  = N, 

i- =1 
n 

X WiXiZi  = N3 
1 

Lj  WiUiZi  = Ni 

i— 1 

The  following  equations  were  derived  to 
satisfy  N,,  Ns,  Ns,  and  Nit  with  minimum 
weights  located  on  the  outer  channels  of  the 
cruciform  rings  (see  Figure  11-6). 

[A]  W2r2  + w2r1  = Ni  (11.1) 

[B]  w,r i + W,r.,  = N2  (11.2) 

[C]  W2r2z2  -f  w2riZ!  — N3  (11.8) 

[D]  W1Z1r2  + Wrnzi  = N4  (11.4) 

Unknowns  are  Wi,  W2,  Wi  and  w2.  Solving 
the  above  equations: 


Figure  11-6. — Representation  of  cruciform  rings 
with  orientation  of  minimum  weights. 

[A](z1)—[C]:W2r2(zi—z2)=z1N1—N3 

(11.5) 

mzj-lD] : W1r2(z1-z2)=z1N2-Ni 

(11.6) 

Solve  for  W2  in  equation  (11.5)  and  W4  in 
equation  (11.6). 

[A] (22)-[C']:w2r1(^2-Z1)=Z2^i-N 8 

(11.7) 

[B] (z2)-[D]:w1r1(Z2-Z1)=Z2N2-N 4 

(11.8) 

Proceed  as  above,  solving  for  w2  in  equa- 
tion (11.7)  and  wx  in  equation  (11.8). 

3.  Balance  Weight  Design  and  Installation 

A Cerre  de  Pasco  alloy,  Cerrobase,  was 
used  for  the  fabrication  of  the  large  (rough) 
balance  weights.  This  alloy,  having  a melt- 
ing point  of  225°F,  can  be  poured  conven- 
iently into  place  on  the  cruciform  outer 
channels.  Existing  rivet  heads,  mounting 
screws,  and  mounting  nuts  served  to  key  the 
poured  weight  securely.  Prior  to  pouring 
the  Cerrobase,  aluminum  sheet  and  Aboseal 
were  used  to  fabricate  the  weight  form; 
after  solidification,  the  aluminum  and  Abo- 
seal were  removed.  Figure  11-7  shows  a 
typical  weight  installation. 
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Figure  11-7. — Typical  weight  installation. 

Fine  Balance — 

The  spacecraft  was  mounted  in  the  ver- 
tical balancing  machine,  and  physical  meas- 
urements were  taken  by  dial  indicator.  As 
measured  on  the  separation  ring,  run-out 
was  0.004  inch  T.I.R.  and  wobble  was  0.0025 
inch  T.I.R.  Indicator  readings  on  the  bal- 
ance machine  adapter  plate  showed  an  eccen- 
tricity of  0.002  T.I.R.  and  a wobble  of  0.0025 
T.I.R.  The  vehicle  was  balanced,  as  noted 
in  Operating  Principle  above,  by  first  im- 
mobilizing the  lower  joint  for  static  balance 
and  then  freeing  it,  to  allow  the  spacecraft 
to  rotate  about  its  principle  axis  of  inertia, 
for  dynamic  balancing.  Corrective  added 
weights  were  made  of  Aboseal.  When  bal- 
ancing was  completed,  the  total  number  of 
added  weights  were  vectored  into  two  trim 
weights  for  each  of  the  solar  panel  mounting 
rings.  The  permanent  trim  weights  con- 
sisted of  lead  or  brass  wafers,  stacked  in 
multiples,  at  90°  spacing  on  the  upper  and 
lower  solar  panel  mounting  rings.  A total 
of  616  grams  of  balance  weight  was  added 
to  the  spacecraft. 

When  all  weights  were  permanently  in- 
stalled, a check  was  made  for  residual  un- 
balance inherent  within  the  spacecraft. 


Temporary  Aboseal  weights  were  added  to 
the  spacecraft  to  introduce  a known  static 
and  dynamic  unbalance.  These  weights  were 
spaced  at  90  degree  intervals,  and  in  each 
case  the  sensitivity  meter  of  the  machine 
showed  higher  unbalance  readings  with  the 
Aboseal  weights  in  place.  This  indicated  that 
the  spacecraft  was  already  well  balanced. 

Unbalance  Analysis — 

1.  Residual  Static  Unbalance  — Residual 
unbalance  tests  indicate  residual  static  un- 
balance of: 


wR 

ivR 


9.3  gm  X 13  in  1.1.7  gm  X 9.5  in 
454  gm/lb  454  gm/lb 

.267  + .245  = .51  lb-in 


where  9.3  and  11.7  gm  are  Aboseal  weights 
temporarily  added. 


.51  lb-in 
172  lb 


.003  in 


Allowing  .0015  in  for  C.G.  offset  in  mount- 
ing the  vehicle  to  the  Vertical  Balancing 
Machine,  maximum  static  unbalance  is  .0045 
inch  C.G.  displacement. 

2.  Residual  Dynamic  Unbalance — Residual 
dynamic  unbalance  tests  were  made  with 
two  Aboseal  weights  (3.5  and  5 gm)  added 
to  top  and  bottom  of  the  solar  panels : 


5 gm  X 9-5  in  X 15.4  in 
28  gm/oz 

4 3.5  gm  X 13.5  in  X 16.6  in 
28  gm/oz 

wRz  = 26.1  4-  27.8  = 53.9  oz  in2 

The  total  runout  on  the  face  of  the  adapter 
plate  was  .0025  TIR.  This  reading  was 
taken  at  a radius  of  5 in.  The  wobble  runout 
angle  was  then  : 


tan  01  = 01  = 


.0025 


2X5 
Ox  = .00025  radians 

J zx  — spin  /pitch) 

53.9  oz  in2 


(46.44—44.29)  lb  in  sec2  X 386  in-sec2  X 16  oz/lb 

02  = .0041  radians 
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The  maximum  dynamic  unbalance  is  there- 
fore .0041  + 0.00025  = 0.0044  radian. 

Measurement 

Specification  — The  moment  of  inertia 
measurement  of  the  spacecraft  was  per- 
formed in  accordance  with  Project  Relay  Per- 
formance Requirements  No.  Rl-0100,  The 
specification  required  that  the  ratio  of  the 
null  moment  of  inertia  (about  the  spin  axis) 
to  the  largest  moment  of  inertia  about  any 
axis  lying  in  a plane  normal  to  the  spin  axis 
should  be  no  less  than  1.05. 

Equipment 

Bifilar  pendulum  and  universal  support 
bar — This  was  a two-wire  torsional  pendu- 
lum rigidly  anchored  and  terminating  in  a 
support  bar  designed  to  accommodate  the 
spacecraft  for  measurement  about  pitch  or 
spin  axes.  (See  Figure  11-8)  . 

Instrumentation 

1.  DC  Micro  Volt  Ammeter 

2.  Constant  current  power  supply,  Video 
Instr.  model  SRB200 

3.  Electronic  counter,  Hewlett-Packard 
HP523CR 

4.  Flip-flop  circuit 

5.  Collimated  light  source,  photocell,  and 
mirror. 

The  requirement  for  this  instrumentation 
was  that  a measurement  of  the  period  of 
uncoupled  torsional  oscillation  be  provided, 
having  an  accuracy  of  ±0.0009  seconds.  The 
bifilar  pendulum  system  responded  in  a 
coupled  torsional-translatory  motion  when 
oscillating.  It  was  essential  that  only  the 
torsional  motion  should  be  sensed  by  the 
instrumentation.  An  optical  system  was 
used  to  accomplish  this. 

A thin  collimated  band  of  light  was  the 
source.  When  this  light  was  normal  to  a 
mirror  mounted  on  the  spacecraft  support 
bar,  the  light  was  reflected  back  to  a ger- 
manium photo  junction  cell  mounted  on  the 
light  source  housing,  which  responded  to  the 
light  pulse  by  a change  in  resistance.  This 
in  turn  triggered  the  counter. 

Procedure  — The  bifilar  pendulum  was 
equipped  with  strain  gages  which  assured 


equal  loading  on  each  wire.  Several  calibra- 
tion checks  were  carried  out,  loading  each 
wire  equally,  using  10-pound  load  increments 
between  0 to  100  lb  on  each  wire  of  the  bi- 
filar rig. 

A curve  was  plotted  from  the  average  dis- 
placement readings  of  the  Micro  Volt- Am- 
meter when  the  bifilar  rig  was  loaded  in 
increments.  This  displacement  curve  was 
used  to  assure  equal  tension  on  the  wires 
within  1/2  lb  when  the  satellite  was  installed 
on  the  bifilar  rig. 

The  general  formula  for  measuring  Mo- 
ment of  Inertia  by  means  of  the  bifilar  pen- 
dulum is: 

WtR2  T 2 
~ 4*2  L 


The  moment  of  inertia  of  the  standard 
test  bar  weighing  169.59  lb,  4.482  in.  diam- 
eter, and  37.988  in.  long  is : 

I = W[L2+D2] 


__  r 169.59  (37.988) 2 , (4.482) 2 

~ 1385.9  12 

I = 53.401  lb-in-sec2 


+ 


16 


The  standard  test  bar  was  hung  onto  the 
universal  bar  and  oscillated  approximately 
5 degrees  about  its  center  of  gravity.  A 
mirror  attached  to  the  test  bar  reflected  a 
collimated  light  beam  into  the  photo  cell- 
flip-flop  circuit  which  in  turn  was  coupled 


to  a counter. 


The  average  time  per  period  (T)  was 
3.4383  seconds.  The  length  of  the  bifilar 
pendulum  with  169.59  lb  load  is  333.25 
inches.  The  weight  of  the  wires  was  1.86 
lb  but  only  1/2  of  this  weight  contributed  to 
the  unbalance  causing  the  oscillation.  The 
wires  were  set  38.280  inches  apart  by  means 
of  a pin  gauge. 


: + / 


TJiviv.  Bar  — 


WR2T2 

&ir2L 


where  W = 169.59 


1.86 


+ 14.72 


+ /i 


Univ.  Bar  • 


185.24  lb 

185.24  (19.140) 2 (3.484) 2 
4*2  X 333.25 


= 60.948  lb-in-sec2 
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The  test  bar  was  removed  and  the  period 
measured  of  the  universal  bar  and  test  bar 
hangers  only. 


Wt.  = 14.72 


1.86 


= 15.65  lb. 


15.65  (19.140) 2 (4.1735) 2 
Univ.  Bar  4*2  (333.25) 

=7.593  lb-in-sec2 
=60.948  - 7.593 
^Test  Bar  53.355  lb-in-sec2 


„ v 53.401  — 53.355  ...  . nn 
% Error  = _Q  X 100 

53.401 
= = .086% 

The  spacecraft  was  mounted  on  the  bifilar 
rig  for  spin  axis  measurement.  The  rig  was 
caused  to  oscillate  by  displacing  the  bar  5 
degrees  and  the  period  was  measured.  Then 
the  spacecraft  was  removed  and  the  period 
of  the  universal  bar  alone  was  measured. 


n (171.94-f21.86-4-.93)  (19.140) 2 (3.3139) 2 

0 — 4*®  (383.26) 

= 59.544  lb-in-sec2 

/45°  = 58.218  lb-in-sec2 
1 90°  = 58.218  lb-in-sec2 
/ 136°  = 57.998  lb-in-sec2 


I 


univ.  rig. 


(21.86-f-.93)  (19.140)  (4.8974) 2 
4*2  (333.06) 


15.229  lb-in-sec2 


Actual  Tranverse  Moments  of  Inertia: 
h°  = 59.544-15.229  = 44.315  lb-in-sec2 
/450  = 58.218-15.229  = 42.989  lb-in-sec2 
79  o°  = 56.596-15.229  = 41.367  lb-in-sec2 
/135°  = 57.998-15.229  = 42.769  lb-in-sec2 

The  maximum  and  minimum  values  were : 
/max  = 44.362  at  2°  CW 
/min  =41.327 


^Spacecraft  + Univ.  Bar  — 

(171.94+.93+18.642)  (19.140)  (3.1885) 

4*2  (333.25) 

= 54.214  lb-in-sec2 

. _ (18.642+.93)  (19.140) 2 (3.7762) 2 

lv niv.Bar-  4^  (333.06) 

= 7.776  lb-in-sec2 

7 Spacecraft  — 54.214  - 7.776 
= 46.438  lb-in-sec2 

The  spacecraft  was  mounted  on  the  bifilar 
rig  for  lateral  moment  of  inertia  measure- 
ments. The  rig  was  caused  to  oscillate  and 
the  period  measured.  The  spacecraft  was 
rotated  clockwise  (looking  from  the  separa- 
tion ring)  into  45°,  90°,  and  135°  positions 
and  oscillation  periods  were  obtained  for  each. 

The  spacecraft  was  removed  and  a similar 
test  conducted  with  the  universal  test  bar 
and  fixture  only.  The  periods  are  given 
below. 


Position 

Period  (seconds) 

0° 

3.3139 

45° 

3.2768 

90° 

3.2308 

135° 

3.2706 

Univ.  bar  -f  fixture 

4.8947 

Ratio 

*spin 


44.362 

46.438 


0.959 


Qualification  Tests 

To  qualify  the  basic  design  of  Relay  I,  a 
series  of  electrical  performance  tests  and 
simulated  - environmental  tests  were  per- 
formed on  the  protoype  spacecraft.  The  se- 
quence of  tests  was  as  follows: 

1.  Electrical  performance  “D”  tests — per- 
formed before  environmental  tests. 

2.  Temperature  survey. 

3.  Electrical  performance  “A”  test — per- 
formed after  temperature  survey  and  before 
spin  test. 

4.  Spin. 

5.  Electrical  performance  “B”  test — per- 
formed after  spin  test  and  before  vibration 
test. 

6.  Vibration. 

7.  Electrical  performance  “B”  test — per- 
formed after  vibration  and  before  thermal 
gradient. 

8.  Thermal  gradient. 

9.  Electrical  performance  “A”  test — per- 
formed after  thermal  gradient  and  before 
humidity  test. 

10.  Humidity. 
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11.  Electrical  performance  “B”  test — per- 
formed after  humidity  and  before  accelera- 
tion. 

12.  Acceleration. 

IB.  Magnetic  dipole  moment. 

14.  Electrical  performance  “B”  test — per- 
formed after  acceleration  and  magnetic  dipole 
tests  and  before  WB  traffic  tests. 

15.  WB  traffic  tests  (electrical) . 

16.  Electrical  performance  “B”  test — per- 
formed before  solar  simulation. 

17.  Solar  simulation. 

18.  Electrical  performance  “B”  test — per- 
formed after  solar  simulation. 

At  the  completion  of  the  test  sequence,  a 
final  calibration  was  performed  on  the  space- 
craft prior  to  delivery  to  Cape  Canaveral. 

Acceptance  Tests 

To  prove  the  unit  workmanship  on  Relay 
I,  and  to  insure  compliance  with  the  appli- 
cable spacecraft  specifications,  a series  of 
electrical  performance  tests  and  simulated 
environmental  tests  were  performed  on  the 
flight  model  No.  1 spacecraft.  The  electrical 
performance  tests  were  identical  to  those 
performed  on  the  prototype  spacecraft;  the 
environmental  conditions  were  generally  less 
severe  than  the  corresponding  tests  on  the 
prototype  spacecraft.  The  sequence  of  tests 
were  as  follows: 

1.  Electrical  performance  “D”  tests — per- 
formed before  environmental  tests. 

2.  Electrical  performance  “C”  — per- 
formed before  spin  test. 

3.  Spin. 

4.  Electrical  performance  “A”  — per- 
formed after  spin  and  before  temperature 
survey. 

5.  Temperature  survey. 

6.  Electrical  performance  “B”  — per- 
formed after  temperature  survey  and  before 
vibration. 

7.  Vibration. 

8.  Electrical  performance  “B”  — per- 
formed after  vibration  and  before  solar 
simulation. 

9.  Solar  simulation. 

10.  Electrical  performance  “A”  — per- 


formed after  solar  simulation  and  before 
magnetic  dipole. 

11.  Magnetic  dipole. 

12.  Electrical  performance  “D” — after  all 
environmental  tests. 

At  the  completion  of  the  test  sequence,  a 
final  calibration  of  all  telemetry  points  was 
performed  on  the  spacecraft  prior  to  deliv- 
ery to  Cape  Canaveral. 

Electrical  Performance  Tests 

Type  "A"  Tests 

These  tests  consisted  of  the  following 
checks  on  the  performance  of  the  various 
spacecraft  subsystems: 

1.  Power  Supply  Checkout. 

a.  Battery  open  circuit  voltage 

b.  Battery  charge  current 

c.  Battery  discharge  current 

d.  Battery  trickle  charge  current  and 

control  voltage 

e.  Solar  bus  voltage 

f.  Unregulated  bus  voltage 

g.  Regulated  voltages 

(1)  Radiation  experiments  regulator 

(2)  Wideband  No.  1 (WCS-1)  regu- 
lator 

(3)  Wideband  No.  2 (WCS-2)  regu- 
lator 

(4)  9V  regulators 

h.  Load  cutoff  operation 

i.  Voltage  limiter  operation 

2.  Telemetry,  Tracking,  and  Command 
Subsystem  Checkout — Command  verification 
checkout  is  performed  at  an  input  of  4/j.v  at 
an  unregulated  bus  voltage  of  28  vdc. 

8,  Wideband  Communications  Subsystem 
Checkout. 

a.  Functional  acceptance  check  (telem- 
etry) 

b.  Frequency  response 

Type  "B"  Tests 

These  tests  consisted  of  all  of  the  portions 
of  the  “A”  tests  previously  mentioned  plus 
the  following  checks: 

1.  Telemetry,  Tracking,  and  Command 
Subsystem  Checkout 

a.  Command  verification  at  input  level 
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of  4/iV  and  unregulated  bus  voltages  of  22 
and  34  vdc. 

b.  Command  redundancy 

c.  Telemetry  transmitter  power  output 

2.  Attitude  Control  Subsystem  Checkout 

a.  Sun  aspect  indicator 

b.  Torque  coil 

c.  Horizon  scanner 

Type  "C"  Tests 

These  tests  consisted  of  those  portions  of 
the  “A”  tests  that  could  be  sampled  via  tel- 
emetry, since  there  were  no  hard-line  connec- 
tions to  the  spacecraft  other  than  simulated 
solar  array  output.  These  tests  were : 

1.  Power  Supply  Checkout 

a.  Solar  bus  voltage 

b.  Battery  in-circuit  voltage 

c.  Unregulated  bus  voltage 

d.  Solar  bus  current 

e.  Total  battery  current 

f.  Regulated  voltages 

(1)  Radiation  experiments  regulator 

(2)  WB  regulators 

g.  Battery  pressure 

2.  Telemetry,  Tracking  and  Command 
Subsystem  Checkout.-— A command  verifica- 
tion was  performed  at  an  RF  level  of  4/*V 
as  seen  by  the  command  receiver. 

3.  Wideband  Communications  Subsystem 
Checkout. 

a.  Functional  Acceptance  check  (telem- 
etry) 

b.  Frequency  response 

Type  "D"  Tests 

These  tests  consisted  of  all  of  the  “B” 
tests  previously  mentioned  and  the  following 
additions : 

1.  Wideband  Communications  Subsystem 
Checkout. 

a.  Functional  acceptance  check 

b.  Beyond-horizon  switch  voltage 

c.  Output  power 

d.  Frequency 

e.  Noise  figure 

f.  TV  simulation 

g.  300-channel  noise  loading 

h.  Group  delay 

i.  Two-way  crosstalk 


j.  24-channel  noise  loading 
2.  Radiation  experiments. 

a.  Radiation  damage  panel 

b.  Radiation  monitors. 

Preliminary  Test  Conditions 

1.  Modes  of  Operation — 

a.  Standby  mode  consisted  of  the  com- 
mand subsystem  and  the  power  supply 
subsystem  in  operation,  and  was  the  mini- 
mum electrical  load  on  the  spacecraft. 

b.  Continuous  mode  was  the  simulta- 
neous operation  of  one  unmodulated  telem- 
etry transmitter  (for  tracking  purposes) 
and  the  standby  loads. 

c.  Radiation  mode  was  the  simultaneous 
operation  of  the  command  subsystem,  both 
telemetry  transmitters,  the  telemetry  en- 
coder, and  all  radiation  experiments. 

d.  Wideband  mode  presented  the  maxi- 
mum electrical  load  to  the  spacecraft  and 
consisted  of  the  simultaneous  operation  of 
one  wideband  communications  subsystem 
in  addition  to  the  radiation  mode. 

2.  Use  of  Ground  Test  Fixture  — The 
ground  test  fixture  (see  Figure  11-9)  was 
connected  to  the  spacecraft  with  one  25-con- 
ductor  cable  and  one  50-conductor  cable  into 
the  ground  test  receptacles,  42J1  and  42J2. 
This  box  contained  appropriate  switches  and 
meters  to  provide  for: 

a.  switching  the  spacecraft  batteries  in 
and  out  of  the  circuit,  thus  providing  mas- 
ter switching 

b.  inserting  an  ammeter  into  each  bat- 
tery string  to  read  charge  and  discharge 
currents 

c.  inserting  an  ammeter  into  the  voltage- 
limiter  circuit  to  read  voltage-limiter  cur- 
rent 

d.  inserting  an  ammeter  into  the  solar 
bus  to  read  the  input  current  from  the 
solar-array  simulator  (external  power  sup- 
ply with  current  limiting) 

e.  continuous  monitoring  of  the  voltages 
of  all  three  battery  strings,  the  solar  bus 
voltage,  and  the  unregulated  bus  voltage 

f.  inserting  a low-range  ammeter  into 
each  battery  string  for  reading  trickle- 
charge  current 
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g.  monitoring  any  one  of  the  following 
selected  voltages  : 

• radiation  experiments  regulator 

• WCS-1  regulator 

• WCS-2  regulator 

• voltage-limiter  transistor  collector 
voltage 

• solar  bus 

• 9-v  regulator  (timer) 

• 9-v  regulator  (control) 

• 9-v  regulator  (telemetry) 

• 6.8v  command  control  box  regulator 

• 12-v  command  control  regulator 

• Unregulated  bus  at  command  con- 
trol box 

• WB  receiver  LO 

• WB  receiver  hi-level  mixer 

• WB  transmitter  LO 

• transponder  AGC 

• WB  receiver  power  out 

• Beacon  oscillator 

• timer  enable,  WCS-1 

• timer  enable,  WCS-2 

• VHF  modulation  switch  position 

• battery  #1  temperature  c/o  control 

• battery  #2  temperature  c/o  control 

• battery  #3  temperature  c/o  control 

• WCS-1  MGC 

• WCS-2  MGC 

h.  on/off  control  of  the  following  regu- 
lators : 

• radiation  experiments 

• WCS-1 

• WCS-2 

i.  resetting  the  command  control  flip- 
flops  to  the  initial  state  and  enabling  the 
command  control  box 

j.  testing  the  battery  hi-temperature 
cutoff  circuitry 

k.  controlling  MGC  voltage  to  each  WCS 
for  noise  figure  measurements 

l.  reading  command  receiver  AGC 

m.  simulating  the  output  of  the  solar 
array  (external  power  supply). 

The  ground  test  fixture  was  used  in  all 
testing  except  for  C tests  and  those  dynamic 
environmental  tests  requiring  use  of  shorting 
plugs. 


3.  Use  of  Shorting  Plugs — Two  shorting 
plugs  were  used  to  turn  on  power  to  the 
spacecraft,  to  provide  wire  continuity  where 
required,  and  to  set  the  command  control  box 
flip-flops  in  the  initial  command  states.  In- 
serting either  of  the  plugs  turned  on  the 
power  and  completes  some  of  the  circuits; 
inserting  the  other  set  up  the  command  con- 
trol circuitry  in  the  initial  state  and  com- 
pletes the  remainder  of  the  circuits. 

The  plugs  used  in  testing  were  identical  to 
the  flight  plugs  except  for  the  1-year  timer 
bias.  The  9-v  supply  for  the  timer  is  dis- 
abled during  all  ground  tests  to  insure  that 
the  ultimate  turnoff  will  not  be  premature 
due  to  many  hours  of  extensive  testing. 

The  shorting  plugs  were  used  during  the 
electrical  performance  C tests  and  the  fol- 
lowing environmental  tests : 

a.  Spin 

b.  Acceleration 

c.  Vibration 

d.  Magnetic  dipole  moment. 

A special  set  of  shorting  plugs  was  used 
during  solar  simulation.  In  these  plugs,  the 
battery  straps  and  the  flip-flop  set  straps 
were  brought  out  via  slip  rings  for  external 
monitoring  and  control,  while  the  remaining 
functions  were  wired  in  the  normal  manner. 

Tests  with  Ground  Test  Fixture 

General— 

The  spacecraft  was  normally  tested  with 
the  solar  array  removed.  The  ground  test 
fixture  was  connected  into  the  ground  test 
receptacles  and  the  external  power  supply 
(solar-array  simulator)  connected  into  the 
ground  test  fixture.  Three  of  the  monopole 
whip  antennas  were  replaced  with  50-ohm 
terminations : the  fourth  whip  was  connected 
to  a 20-db  attenuator.  The  spacecraft  was 
commanded  by  amplitude  modulating  an 
HP-608  Signal  Generator  and  hard-lining 
through  a short  length  of  RG-58  cable  to 
the  20-db  pad.  The  command  carrier  fre- 
quency was  set  to  the  nominal  value,  using 
a decade  counter.  The  telemetry  signal  from 
the  spacecraft  was  received  on  a short  mono- 
pole antenna  near  the  spacecraft.  The  TWT 
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output  cables  were  terminated  at  all  times 
by  the  wideband  antenna  or  an  external  load 
such  as  a calorimeter  power  meter  or  an 
80-watt  termination  (see  Figures  11-10  and 
11-11). 

Power  Supply — 

1.  Battery  Open-Circuit  Voltage — Battery 
open-circuit  voltage  was  measured  with  the 
digital  voltmeter  by  measuring  between  each 
battery  test  point  (42J1-6,  8,  10)  and  meter 
ground  (42J2-43)  on  the  ground  test  fix- 
ture. The  battery  master  switches  (S6,  7,  8) 
were  left  open  for  this  measurement.  If  any 
battery  voltage  was  less  than  24  vde,  the 
batteries  were  put  on  full  charge  for  30  min- 
utes ; the  measurement  was  then  repeated. 

2.  Battery  Charge  Current  — Battery 
charge  current  was  measured  by  switching 
(S3,  4,  5)  an  ammeter  into  each  battery 
string  and  recording  the  current  (M7)  with 


Figure  11-10. — Test  connections  for  power  supply, 
command  verification,  and  redundancy  tests. 


TELEMETRY 

CONSOLE 


Figure  11-11. — Test  connections  for  wideband  subsystem  functional  acceptance  test. 
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the  external  power  supply  set  to  32  vdc.  A 
reading  of  400  to  600  ma  on  each  string  was 
nominal. 

3.  Battery  Discharge  Current  — Battery 
discharge  current  was  measured  as  above, 
but  with  the  external  supply  turned  off 
(eclipse  condition).  Each  battery  should 
have  contributed  approximately  one-third  of 
the  total  load.  WB-1  was  then  turned  on  at 
the  ground  test  fixture  (Sll  and  S14)  and 
the  discharge  currents  again  recorded.  Each 
battery  should  have  contributed  approxi- 
mately one-third  of  the  total  load.  WB-1 
was  then  turned  off  and  the  external  charg- 
ing supply  turned  on  and  set  at  32  vdc. 

4.  Battery  Trickle  Charge  Current  and 
Control  Voltage — Battery  trickle  charge  cur- 
rent and  control  voltage  was  measured  by 
switching  (S17-8,  S15)  a variable  0 to  5 vdc 
test  voltage  into  the  cutoff  circuit  of  each 
battery-string  and  slowly  increasing  this 
voltage  (R-9),  while  observing  the  charge 
current  mentioned  above.  When  the  charge 
current  decreased  suddenly  to  a much  lower 
value,  the  supply  voltage  (M6)  was  recorded, 
along  with  the  trickle  charge  current  indi- 
cated on  the  low-range  ammeter  (M8).  A 
momentary  contact  switch  (S9)  was  pro- 
vided to  switch  the  low-range  ammeter  (M8) 
into  the  battery  string  after  trickle  charge 
had  been  established.  Removing  the  test 
voltage  allowed  the  battery  to  return  to  full 
charge.  Readings  of  3.3  to  4.1  vdc  and  15 
to  100  ma  were  nominal  values. 

5.  Solar  Bus  Voltage — Solar  bus  voltage 
was  measured  with  the  digital  voltmeter 
between  the  solar  bus  test  point  and  meter 
ground  on  the  test  fixture.  The  solar  bus 
voltage  was  nominally  set  to  32  vdc  by  ad- 
justing the  external  power  supply  (solar- 
array  simulator). 

6.  Unregulated  Bus  Voltage — Unregulated 
bus  voltage  was  measured  with  the  digital 
voltmeter  by  measuring  between  the  unregu- 
lated bus  test  point  and  meter  ground  on  the 
ground  test  fixture.  The  unregulated  bus 
voltage  was  nominally  2 volts  lower  than  the 
solar  bus  voltage  measured  in  5 above.  When 
the  solar  array  simulator  was  turned  off, 


unregulated  bus  voltage  was  then  nominally 
greater  than  24  vdc.  The  solar-array  simu- 
lator was  then  turned  on  and  set  to  supply 
2.0  amps,  current  limited. 

7.  Regulated  voltages — Radiation  experi- 
ments regulator  output  voltage  was  measured 
on  a DVM  between  the  radiation  experiments 
regulator  test  point  and  meter  ground.  The 
radiation  experiments  regulator  was  turned 
on  at  the  ground  test  fixture  (S12  and  S14) 
and  the  DVM  reading  recorded.  A reading 
between  22.23  and  22.72  vdc  was  nominal. 

WCS-1  regulator  output  voltage  was  meas- 
ured on  a DVM  between  the  WCS-1  regu- 
lator test  point  and  meter  ground.  The 
WCS-1  regulator  was  turned  on  at  the 
ground  test  fixture  (Sll  and  S14)  and  the 
DVM  reading  recorded.  A reading  between 
22.23  and  22.72  vdc  was  nominal. 

WCS-2  regulator  output  voltage  was  meas- 
ured on  a DVM  between  the  WCS-2  regula- 
tor test  point  and  meter  ground.  The  WCS-2 
regulator  was  turned  on  at  the  ground  test 
fixture  (S13  and  S14)  and  the  DVM  reading 
recorded.  A reading  between  22.23  and  22.72 
vdc  was  nominal. 

8.  Load  Cutoff  Operation — Load  cutoff 
operation  was  checked  by  monitoring  the 
WCS-1  regulator  output  voltage  (M6  and 
S17-4)  while  adjusting  the  unregulated  bus. 
(For  this  test,  the  solar-array  simulator  was 
set  to  28  vdc  and  the  battery  master  switches 
(S6,  7,  8)  opened.)  The  WCS-1  system  was 
commanded  on  and  load  cutoff -normal  estab- 
lished, using  the  command  console.  The  un- 
regulated bus  voltage  was  lowered  by  slowly 
decreasing  the  input  from  the  solar-array 
simulator.  At  the  instant  of  WCS-1  turnoff, 
the  unregulated  bus  was  nominally  22  ± 1 
vdc.  The  unregulated  bus  was  then  raised  to 
28  vdc  and  WCS-1  commanded  back  on  with 
load  cutoff-override,  using  the  command  con- 
sole. The  WCS-1  regulator  should  not  turn 
off  when  the  unregulated  bus  is  lowered  to 
21  vdc.  The  unregulated  bus  was  then  raised 
to  28  vdc  and  the  WCS-1  subsystem  com- 
manded off.  The  test  was  then  repeated  for 
WCS-2  using  M6  and  S17-3.  At  the  con- 
clusion of  the  check,  the  battery  master 
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switches  (S6,  7,  8)  were  closed  and  the  solar- 
array  simulator  set  to  deliver  2.0  amps. 

9.  Voltage  Limiter  Operation  — Voltage- 
limiter  operation  was  checked  by  monitoring 
the  voltage-limiter  collector  voltage  while 
raising  the  solar  bus  voltage,  using  the  solar- 
array  simulator.  (When  the  solar  bus  voltage 
reaches  about  32.5  vdc,  the  voltage-limiter 
collector  voltage  starts  to  decrease  with  an 
increase  in  the  solar  bus  voltage.)  The  solar 
bus  voltage  was  raised  further  until  the 
voltage-limiter  collector  voltage  dropped  to 
10  vdc  ; the  solar  bus  voltage  was  then  nomi- 
nally less  than  35  vdc.  The  solar-array  simu- 
lator was  readjusted  to  supply  2.0  amps, 
current  limited. 

Telemetry,  Tracking  and  Command  Sub- 
system— 

1.  Command  Verification— Command  veri- 
fication was  performed  at  unregulated  bus 
voltages  of  22,  28,  and  32  vdc  and  at  input 
levels  of  4 y.v  and  50  yv  (see  Figure  11-10). 
For  the  check  at  22  vdc,  the  spacecraft  was 
operated  from  the  solar-array  simulator 
only.  The  spacecraft  was  placed  in  the  stand- 
by mode  by  resetting  the  command  control 
box  flip-flops,  using  the  ground  test  fixture 
(S10).  The  command  carrier  frequency  was 
checked  several  times  during  each  test,  using 
a decade  counter.  The  PDM  level  was  set  to 
provide  80-percent  modulation.  The  telem- 
etry console  was  set  up  to  decommutate  the 
output  of  the  DEI  telemetry  receiver  and 
print-out  main  commutator  channel  21  in 
decimal  for  several  seconds,  and  then  main 
commutator  channel  16  (subcommutator 
identification)  in  binary,  and  main  commu- 
tator 28  in  decimal,  to  display  high  level 
subcommutator  channels  35,  43,  and  51. 
These  four  channels  contain  all  of  the  com- 
mand verification  outputs  as  follows: 

Main  commutator  channel  21 
Load  cutoff — normal/override 
WCS-1— on/off 
Mode — TV/Phone 

High  level  subcommutator  channel  28/35 
Horizon  scanner — on/off 
Modulate— TT#1/TT#2 
Torque  coil— positive/off 


High  level  subcommutator  channel  28/43 
WCS-2— on/off 

Telemetry  transmitter  #1 — on/off 
Telemetry  transmitter  #2 — on/off 
High  level  subcommutator  channel  28/51 
Radiation  experiments — on/off 
Telemetry  encoder — on/off 
Torque  coil — negative/off 

The  sequence  of  commands  listed  in  Table 
11-2  were  next  sent  to  the  spacecraft  and 
observations  recorded  on  the  data  sheet.  This 
sequence  was  then  repeated  for  each  unreg- 
ulated bus  voltage  setting  and  RF  level,  after 
first  checking  the  carrier  frequency. 


Table  11-2.— Command  Verification  Test 
Sequence 


Sequence 

Command 

Function 

Observation 

A 

15 

TT1&2  ON 

Presence  of  both  carriers 
(unmodulated)  on  DEI 
receiver. 

B 

7 

Encoder  ON 

Frame  sync  on  decomu- 
tator, verification  states 

€ 

6 

Radiation 
expts  ON 

“ 

D 

8 

Horizon  scanner 
ON. 

Encoder  off,  loss  of  frame 
sync,  presence  of  1300 
cps  squarewave  at 
receiver  output. 

E 

7 

Encoder  ON 

Horizon  scanner  off,  frame 
sync,  verification  states. 

F 

5 

Radiation 
experiments 
OFF 

« u 

G 

2 

WCS-1  ON 

« « 

H 

18 

Mode-phone 

« « 

1 

4 

WCS-1  OFF 

<4  It 

J 

3 

WCS-2  ON 

tl  u 

K 

19 

Mode-TV 

u « 

L 

4 

WCS-2  OFF— - 

« « 

M 

12 

Coil  positive 

« « 

N 

11 

Coil  negative— 

« « 

O 

Tune  DEI  to 
TT-1. 

Presence  of  unmodulated 
carrier. 

P 

9 

Modulate  TT-1 

Modulation  on  carrier, 
verification  states. 

Q 

13 

Coil  OFF 

a a 

R 

1 

Load  cutoff- 
normal 

It  u 

s 

20 

Load  cutoff- 
override 

a a 

T 

17 

TT-1  OFF___ 

Loss  of  signal  on  DEI 
receiver. 

U 

10 

Modulate  TT-2 

Retune  DEI  receiver  to 
TT-2,  presence  of 
modulation,  verification 
states. 

V 

14 

Encoder  OFF  - - _ 

Loss  of  frame  sync. 

w 

16 

TT-2  OFF 

Loss  of  carrier  on  DEI 
receiver. 
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2.  Command  Redundancy — Command  re- 
dundancy was  checked  (see  Figure  11—10) 
by  disabling  the  RF  input  to  one  of  the  com- 
mand receivers  and  the  opposite  command 
decoder.  The  decoder  is  disabled  by  instal- 
ling a special  Cannon  connector  in  the  har- 
ness at  the  decoder.  The  command  verifica- 
tion sequence  was  then  performed  at  an 
unregulated  voltage  of  28  vdc  and  an  RF 
input  of  4 /av.  At  the  completion  of  this 
check,  the  command  system  was  enabled,  the 
opposite  receiver  and  decoder  disabled,  and 
the  test  repeated. 

3.  Telemetry  Transmitter  Power  Output 
- — Telemetry  transmitter  power  output  was 
measured  by  inserting  special  25-inch  sec- 
tions of  RG-188/U  cable  in  each  antenna 
feedline  and  terminating  three  of  the  four 
ports  in  25-ohm  terminations.  At  the  fourth 
port,  a pad  and  a 50-ohm  load  are  connected 
in  parallel  with  an  RF  power  meter  con- 
nected to  the  output  of  the  pad.  The  power 
output  of  each  transmitter  was  then  meas- 
ured at  unregulated  bus  voltages  at  22,  28, 
and  32  vdc.  The  measurements  were  repeated 
at  each  of  the  other  antenna  ports.  The 
power  was  also  measured  directly  out  of  the 
transmitter,  using  a pad  in  series  with  the 
power  meter. 

Wideband  Communications  Subsystems — 

1.  Functional  Acceptance  Checks — Func- 
tional acceptance  checks  (see  Figure  11-11) 
in  both  TV  mode  and  phone  mode  were  made 
for  each  wideband  subsystem.  This  check  in- 
cludes regulator  output  voltage,  current  in 
both  warm-up  and  full  power,  and  timer 
intervals. 

Functional  acceptance  checks  (telemetry) 
were  made,  using  both  TV  and  phone  modes, 
with  RF  inputs  of  -40,  -60,  and  -80  dbm. 
For  those  points  having  a test  point  on  the 
ground  test  fixture,  a D VM  reading  was  taken 
for  comparison  with  the  telemetry  reading. 

The  input  frequency  from  the  UHF  gen- 
erator was  checked,  using  a decade  counter 
and  a transfer  oscillator.  Input  levels  were 
measured  on  an  RF  power  meter  and  were 
thus  set. 


The  narrowband  (phone  mode)  carriers 
were  obtained  from  a special  microwave 
generator  using  crystal-controlled  frequen- 
cies. Input  level  calibrations  were  made, 
using  a hybrid,  a UHF  signal  generator,  and 
a spectrum  analyzer.  Input  levels  to  the 
spacecraft  were  controlled  by  attenuators 
fixed  to  the  output  of  each  generator. 

2.  Frequency  Response— Frequency  re- 
sponse was  checked  by  applying  an  input 
signal  from  an  Alfred  sweep  generator  at 
levels  of  -40,  -60,  and  -80  dbm  and  detecting 
the  output  signal  with  a wideband  detector 
(see  Figure  11-12) ., Photographs  were  taken 
of  the  output  in  TV  mode  at  input  levels  of 
-40  and  -60  dbm,  and  in  phone  mode  at  input 
levels  of  -40,  -60,  and  -80  dbm.  To  calibrate 
the  detector,  a 1-db  pad  and  two  3~db  pads 
were  inserted  in  front  of  the  crystal  detector 
probe,  and  multiple-exposure  photographs 
were  taken.  Frequency  limits  of  the  sweep 
were  calibrated,  using  a hybrid  and  a decade 
counter  and  transfer  oscillator. 

3.  Output  Frequency — Output  frequency 
was  measured  using  a decade  counter  and  a 
transfer  oscillator.  The  input  signal  was  set 
very  accurately  to  1725.00  Me  and  the  cor- 
responding output  signal  from  each  WB 
measured  in  the  TV  mode.  In  the  phone 
mode,  the  input  frequency  was  set  accurately 
to  1723.33  Me  and  1726.67  Me,  and  the  out- 
put frequencies  were  measured;  the  beacon 
frequency  was  also  measured. 

4.  Output  Poiver — Output  power  was 
measured  after  calibrating  the  output  ca- 
bling for  insertion  loss,  including  a low-pass 


Figure  11-12. — Wideband  subsystem  frequency  re- 
sponse test  setup. 
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filter  and  the  directional  coupler.  Calorim- 
eter readings  were  taken  for  input  levels 
from  -35  dbm  to  -90  dbm  input  in  both 
TV  and  phone  modes.  The  AGC  reading  at 
each  input  level  was  also  recorded. 

In  the  phone  mode,  signals  of  unequal 
strength  were  supplied  to  the  input,  and  the 
output  levels  were  measured  to  determine 
the  relative  compression. 

Beacon  power  output  was  measured  with 
respect  to  the  main  carrier,  using  a hybrid, 
SHF  signal  generator,  and  a spectrum  ana- 
lyzer. Beacon  power  levels  were  nominally 
17  db  below  the  main  carrier  level. 

5.  Receiver  Noise  Figure — Receiver  noise 
figure  was  measured  by  taking  the  signal  out 
of  the  IF  strip  at  70  Me.  MGC  is  used  to 
control  the  gain  of  the  IF  amplifier  during 
this  measurement. 

6.  Television  Simulation — Television  sim- 
ulation was  checked  (see  Figure  11-13)  in  the 
wideband  mode  by  modulating  the  MM600 
transmitter  with  staircase,  white  window, 
and  multiburst  composite  video  signals.  The 
received  signals  were  photographed  for  com- 
parison with  the  back-to-back  reference 
signals  to  verify  the  transparency  of  the 
spacecraft  repeater.  In  addition,  differential 
gain  and  differential  phase  were  measured 
for  each  system. 

7.  300-Channel,  Noise-Loading  Measure- 
ments— 300-channel,  noise-loading  measure- 


Figure 11-13. — Setup  for  television  transmission  and 
and  group  delay  tests. 


ments  (see  Figure  11-14)  were  made  in 
wideband  mode.  A white-noise  signal,  hav- 
ing a spectral  bandwidth  from  60  kc  to  1300 
kc  corresponding  to  300  full-load  telephone 
channels,  was  used  to  modulate  the  MM-600 
transmitter.  Because  the  spacecraft  repeater 
triples  the  input  deviation,  the  back-to-back 
reference  measurements  were  made  at  two 
extremes.  These  extremes  were : 

a.  Deviating  the  modulator  by  its  nomi- 
nal amount  and,  therefore,  the  demodula- 
tor by  one-third  of  its  nominal  amount. 

b.  Deviating  the  modulator  by  three 
times  its  nominal  amount,  with  the  demod- 
ulator now  at  its  nominal  deviation. 

Both  of  these  measurements  showed  the 

contribution  of  the  ground  equipment  to  be 
negligible  in  the  measurement  of  the  top 
channel  (worst  case)  distortion. 

The  intermodulation  test  set  transmitter 
contains  a number  of  band-rejection  filters 
whose  center  frequencies  (at  baseband)  and 
response  characteristics  are  identical  to  the 
bandpass  filters  in  the  intermodulation  test 
set  receiver.  A reference  reading  is  obtained 
by  transmitting  the  full  spectrum  of  noise 
into  the  repeater,  and  measuring  the  noise 
present  in  a given  bandpass  filter  channel. 
A band-rejection  filter  is  then  switched  into 
the  transmitter  whose  center  frequency  is 
identical  to  the  receiver  band  under  investi- 


Figure  11-14. — 300-channel  noise  loading  test  setup. 
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gation.  The  noise  present  in  the  receiver 
filter  is  then  due  to  intermodulation  distor- 
tion in  the  repeater  and  thermal  noise  in 
the  test  equipment. 

The  contribution  to  the  total  noise  from 
thermal  sources  is  determined  by  removing 
the  noise  modulation  at  the  transmitter  and 
measuring  the  noise  in  the  receiver  filter 
channel.  The  figure  of  merit,  called  Noise 
Power  Ratio,  is  then  the  difference  between 
the  reference  reading  and  the  intermodula- 
tion distortion  and  thermal  noise,  expressed 
in  db. 

These  measurements  were  made  at  filter 
frequencies  of  70  kc,  270  kc,  and  1248  kc 
on  both  wideband  systems,  with  carrier  lev- 
els of  -40  dbm. 

8.  24-Channel  Noise-Loading  Measure- 
ments— 24-channel,  noise  loading  measure- 
ments (see  Figure  11-15)  were  made  in 
narrowband  mode.  The  measurement  is  simi- 
lar to  the  300-channel,  noise-loading  test 
described  above,  with  several  significant  dif- 
ferences. The  white-noise  spectrum  is  band- 
limited  from  60  kc  to  108  kc,  corresponding  to 
12  full-load  telephone  channels  per  repeater 
channel.  During  this  test,  one  microwave 
carrier  is  modulated  with  the  noise  spectrum 
while  the  other  carrier  is  unmodulated.  The 
carrier  levels  were  nominally  equal.  In  the 
MM-600  receivers,  a bandpass  filter,  tuned 
to  either  65  Me  or  75  Me,  was  inserted  be- 
tween the  IF  pre-amp  and  the  IF  amplifier. 

The  test  is  performed  by  modulating  one 
of  the  repeater  channels  and  listening  on  the 
same  channel,  using  the  appropriate  IF  band- 
pass filter.  NPR  measurements  were  made 
at  frequenciees  of  70  kc  and  105  kc,  at  a 
carrier  level  of  -40  dbm,  for  each  repeater 
channel  and  for  both  wideband  systems. 

9.  Crosstalk  Measurements  — - Two-way, 
crosstalk  measurements  (see  Figure  11-15) 
were  made  in  conjunction  with  the  24-chan- 
nel, noise-loading  tests. 

10.  Group  Delay — Group  delay  measure- 
ments were  made  in  wideband  mode,  using 
the  Group  Delay  and  Linearity  test  set.  This 
test  set  consists  of  a separate  transmitter  and 
receiver  for  determining  the  delay  distortion 


Figure  11-15. — 24-channel  noise  loading  intermod- 
ulation and  crosstalk  test  setup. 

caused  by  the  nonlinear  phase-vs-frequency 
characteristic  of  IF  and  RF  circuits,  and  for 
determining  the  linearity  of  the  transfer 
characteristic  of  the  modulator/demodulator 
elements  of  a microwave  radio  link.  The 
test  set  transmitter  supplies  to  the  MM600 
transmitter  a signal  swept  over  the  62-  to 
78-Mc  IF  band  at  a rate  of  500  cycles  per 
second.  At  the  same  time  a tone  of  200  kc 
is  superimposed  on  the  signal  as  low  devia- 
tion frequency  modulation.  After  passage 
through  the  spacecraft  repeater  and  front- 
end  of  the  MM600  receiver,  the  IF  signal  is 
demodulated  and  analyzed  by  the  test  set 
receiver  for  phase-modulation  on  the  detected 
200-kc  tone.  The  receiver  output  is  then  dis- 
played on  an  oscilloscope  as  low  frequency 
voltage  whose  height  is  proportional  to  the 
delay  and  whose  horizontal  position  is  syn- 
chronized with  the  ± 8 Me  deviation  at  the 
rate  of  500  cycles  per  second.  A switch  on 
the  test  set  receiver  provides  a 10-nanosec- 
ond-delay display  for  calibration  purposes. 

Attitude  Control  Subsystem — 

1.  Sun  Aspect  Indicator — Sun  aspect  in- 
dicator operation  (see  Figures  11-16  and 
11-17)  was  checked  using  a Sylvania  Sun 
Gun  lamp  to  simulate  the  sun’s  rays.  The 
sun  aspect  indicator  was  mounted  on  a solar 
panel,  and  since  the  solar  array  was  not  nor- 
mally mounted  on  the  spacecraft  during 
electrical  performance  checks,  this  panel  was 
temporarily  mounted.  The  telemetry  subsys- 
tem was  commanded  on,  from  the  command 
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Figure  11-16  —Attitude  control  subsystem  test  setup. 
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Figure  11-16)  was  verified,  using  a magnetic 
compass  to  sense  the  magnetic  field  of  the  coil 
while  being  commanded  through  its  operat- 
ing states.  With  the  coil  in  the  off  state,  the 
compass  was  positioned  slightly  below  the 
plane  of  the  coil  so  that  the  north-seeking 
needle  pointed  tangentially  to  the  coil. 
Torque  coil  positive  was  commanded  from 
the  command  console  ; the  compass  needle 
pointed  inwards  towards  the  spacecraft. 
Commanding  torque  coil  negative  caused  the 
compass  needle  to  point  away  from  the  space- 
craft, Commanding  torque  coil  off  caused 
the  needle  to  swing  to  its  original  position. 

3.  Horizon  Scanner — Horizon  scanner  op- 
eration (see  Figure  11-16)  was  checked  by 
exposing  the  scanner  to  an  infrared  source 
for  a short  period  and  photographing  the 
oscilloscope  display.  A subcarrier  discrimi- 
nator was  connected  between  the  video  out- 
put of  the  DEI  receiver  and  the  oscilloscope. 
The  horizon  scanner  was  commanded  on  from 
the  command  console.  The  heat  source  was 
flashed  back  and  forth  in  front  of  the  scan- 
ner and  the  resulting  signal  photographed 
for  record  purposes. 


Figure  11-17. — Light  source  positions  for  sun- 
aspect-indicator  check  out. 


console ; the  telemetry  decommutator  was  set 
to  print  out  in  binary  the  sun  aspect  indica- 
tor channels.  The  sun  gun  was  turned  on,  and 
its  lens  was  positioned  to  illuminate  the  sur- 
face of  the  sensor  at  an  angle  of  about  80° 
above  the  equatorial  plane ; this  causes  a reset 
signal  to  appear  on  the  decommutation  dis- 
play. The  illumination  was  then  positioned 
to  an  angle  of  about  25°  below  the  equatorial 
plane  and  moved  from  right  to  left  to  simu- 
late the  effects  of  spacecraft  spin.  The  proper 
response  to  this  excitation  was  checked.  The 
illumination  was  then  positioned  about  25° 
above  the  equatorial  plane  and  checked  for 
proper  response.  The  test  was  completed  by 
illuminating  from  an  angle  of  —80°  (below 
the  equatorial  plane),  thus  covering  the  ap- 
propriate sun  aspect  indicator  angles. 

2.  Torque  Coil— Torque  coil  operation  (see 


Radiation  Experiments  ( See  Figure  11-1 8) — 
Radiation  Damage  Panel — Radiation  dam- 
age panel  performance  was  checked,  using 
a photo-flood  lamp  and  the  telemetry  sub- 
system. The  test  included  checks  on  thirty 
solar  cells,  six  thermistors,  six  diodes,  and 
the  two  reference  voltages  of  the  radiation 
damage  panel.  The  damage  panel  was 
mounted  on  solar  panel  4B,  and  since  the  so- 
lar array  was  normally  not  mounted  on  the 
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Figure  11-18. — Radiation  experiments  test  setup. 
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spacecraft  during  electrical  performance 
checks,  this  panel  was  temporarily  mounted. 
The  telemetry  and  radiation  experiments  sub- 
systems were  commanded  on  from  the  com- 
mand console;  the  telemetry  decommutator 
was  set  to  print  out  in  binary  those  telem- 
etry words  which  permitted  testing  of  this 
unit. 

Radiation  Monitor  — Radiation  monitor 
performance  was  checked,  using  radioactive 
sources  and/or  pulsers  and  the  telemetry 
subsystem.  The  electronics  elements  of  the 
various  detectors  were  checked  by  injecting 
the  output  of  a pulse  generator  into  a Micro- 
dot connector  located  on  each  unit.  The 
proper  response  for  each  detector  level  was 
checked  via  the  binary  output  printed  from 
the  telemetry  decommutator.  A special  coil 
and  2.5  cps  driver  were  built  to  simulate 
spacecraft  spin  to  check  out  the  spacecraft 
magnetometer. 

Performance  of  the  particle-detector  por- 
tions of  the  experiments  were  checked  using 
radioactive  sources  of  various  intensities  and 
emissions  (alpha  particles  for  the  proton 
detectors  and  beta  particles  for  the  electron 
detectors). 

Tests  with  Shorting  Plugs 

General — 

The  shorting  plugs  were  used  in  testing 
the  spacecraft  whenever  the  spacecraft  un- 
derwent dynamic  environmental  exposure. 
This  included  the  electrical  performance  tests 
before  spin  and  during  spin,  acceleration, 
vibration,  and  magnetic-dipole  tests.  A spe- 
cial set  of  shorting  plugs  were  also  used  in 
the  solar  simulation  test.  The  spacecraft  was 
tested  in  its  flight  configuration,  including 
the  solar  array  and  the  whip  antennas.  In- 
sertion of  the  shorting  plugs  into  the  ground 
test  receptacles  automatically  set  the  space- 
craft in  the  standby  mode.  Data  for  the  tests 
were  then  obtained  by  commanding  on  the 
telemetry  subsystem  and  the  particular  sub- 
systems under  test.  As  required  by  the  test 
program,  simulated  solar-array  output  was 
provided  via  slip  rings  from  the  external 
current-limited  power  supply. 


Power  Supply — 

1.  Solar -Bus  Voltage  — Solar-bus  voltage 
was  observed  on  telemetry  main  commutator 
word  18  on  the  decommutator  printer. 

2.  Battery-in-Circuit  Voltage — Battery-in- 
circuit voltage  was  observed  on  main  com- 
mutator words  28-17,  28-25,  and  28-33. 

3.  Unregulated-Bus  Voltage  — Unregu- 
lated-bus voltage  was  observed  on  main 
commutator  word  19  and  was  to  agree  with 
the  solar-bus  voltage  reading. 

4.  Solar-Bus  Current  — Solar-bus  current 
was  observed  on  main  commutator  word 
28-41;  telemetered  reading  was  generally 
within  10  percent  of  the  actual  simulated 
solar  array  input. 

5.  Total  Battery  Current  — Total  battery 
current  was  observed  on  main  commutator 
word  20;  this  reading  was  normally  about 
600  ma  less  than  the  external  input. 

6.  Regulator  Voltages-^ Regulator  voltages 
were  observed  on  main  commutator  word 
28-11  for  the  radiation  experiments  regu- 
lator and  word  28-16  for  the  wideband  regu- 
lators. The  readings  were  normally  22.5  ± 

0.25  vdc.  The  specific  wideband  regulator 
examined  was  identified  by  observing  main 
words  21  and  28-43  (command  verification). 

7.  Battery  Pressure  Monitor  Voltage  — 
Battery  pressure  monitor  voltage  was  ob- 
served on  main  commutator  word  28-3  and 
was  0.57  ± 0.1  vdc. 

TT&C  Subsystem — Command  verification 
was  performed  by  radiating  a command  car- 
rier to  the  spacecraft  so  that  the  command 
receiver  AGC,  observed  on  main  word  28-59, 
indicated  a signal  level  of  approximately  4 
jiv.  The  test  was  performed  as  described 
earlier. 

Wideband  Communications  Subsystem — 

1.  Functional  Acceptance  Check  — Func- 
tional acceptance  check  (telemetry)  was  per- 
formed as  described  earlier  before  any 
environmental  test. 

2.  Frequency  Response  — Frequency  re- 
sponse was  checked  as  discussed  earlier. 
Multi-path  phenomenon  was  frequently  pres- 
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ent  because  the  spacecraft  was  not  in  an  RF 
anechoic  environment. 

Electrical  Tests  During  Environmental  Exposure 

Installation  Check — Following  installation 
in  the  test  facility,  the  subsystems  of  the 
spacecraft  were  operated  to  insure  that  no 
malfunction  or  damage  was  caused  by  faulty 
installation  procedure  or  during  handling. 

Criteria  for  Unsatisfactory  Performance— 
Deterioration  or  change  in  performance  of 
any  subsystem  or  component  which  could 
prevent  the  spaceraft  from  meeting  func- 
tional, operational  or  design  requirement  was 
sufficient  reason  to  consider  the  spacecraft 
as  having  failed  to  comply  with  the  condi- 
tions of  the  test  to  which  it  was  subjected 
and  was  noted  accordingly  as  a discrepancy. 

Evaluation  of  Equipment  — When  so  di- 
rected by  the  published  test  procedure,  the 
spacecraft  was  operated  to  permit  obtain- 
ing performance  data  and  was  further  in- 
spected for  evidence  of  deterioration.  The 
performance  data  of  the  spacecraft,  under 
test  conditions  or  upon  completion  of  test, 
was  compared  with  that  obtained  in  the 
comprehensive  operational  check  before  the 
start  of  test.  Any  observed  deterioration 
that  exceeded  the  published  tolerances  was 
considered  a discrepancy. 

Rejection  and  Retest  — If  a discrepancy 
(i.e.,  a failure,  malfunction,  or  out-of -toler- 
ance performance)  occurred  during  a test, 
a review  of  the  details  of  the  test  with 
NASA/GSFC  Spacecraft  Manager  was  made 
prior  to  further  action  by  the  testing  group. 
A written  report  was  made  of  all  discrep- 
ancies. 

Substition  of  Equipment— If  a unit  became 
unsuitable  for  further  testing  during  a se- 
quence, a unit  with  test  history  acceptable 
to  the  NASA/GSFC  Spacecraft  Manager 
was  substituted  on  the  spacecraft.  However, 
if  in  the  view  of  the  Spacecraft  Manager, 
the  substitution  substantially  affected  the 
significance  of  results  of  the  test  sequence 
during  which  the  unit  failed,  the  test  se- 
quence and  any  previously  completed  pro- 
cedures which  could  be  affected  were 
repeated. 


Temperature  Survey— The  spacecraft  tem- 
perature was  stabilized  with  the  spacecraft 
in  the  standby  mode.  Following  stabilization, 
the  spacecraft  was  operated  through  one 
cycle  of  36  minutes  “on,”  then  127  minutes 
“off,”  for  each  of  the  wideband  repeaters. 
The  telemetry  and  radiation  experiments 
subsystems  were  operated  during  the  entire 
five-hour  test.  A check  of  the  power  supply 
subsystem  and  a command  verification  were 
made  during  the  “off”  period.  The  “on” 
time  for  the  repeaters  was  utilized  to  exer- 
cise both  TV  and  phone  modes,  with  both 
CW  signals  and  swept-frequency  signals. 
Sufficient  data  were  obtained  to  satisfy  the 
requirements  of  a functional  acceptance 
check  (telemetry  and  a frequency  response 
check).  The  entire  five-hour  test  was  re- 
peated at  high  temperature. 

Spin — The  spacecraft,  while  in  an  operat- 
ing condition  normal  to  third-stage  powered 
flight  (i.e.,  radiation  mode),  was  spun-up 
to  206  rpm  (corresponding  to  1%  times  the 
maximum  spin  rate  of  the  vehicle).  The 
spacecraft  was  operated  for  one  cycle  of  36 
minutes  “on,”  then  127  minutes  “off,”  for 
each  of  the  wideband  repeaters.  The  total 
test  time  was  approximately  five  hours,  and 
the  subsystem  duty  cycle  was  the  same  as 
during  temperature  survey. 

Vibration  — The  spacecraft,  while  in  an 
operating  condition  normal  for  powered 
flight  (i.e.,  from  main  engine  ignition  to 
injection),  was  subjected  to  vibration  ex- 
citation corresponding  to  1.4  times  that  nom- 
inally encountered  with  the  Delta  vehicle. 
In  addition  to  the  radiation  mode,  the  wide- 
band communications  subsystems  were  op- 
erated with  swept-frequency  illumination  to 
further  check  the  mechanical  design  of  the 
subsystem.  Duty  cycle  programming  was 
maintained  during  each  of  the  three  orthog- 
onal directions  of  vibration. 

Thermal  Gradient  — The  spacecraft  was 
operated  as  if  in  orbit  for  six  days  in  this 
environment.  Each  repeater  was  operated 
for  36  minutes  in  a 163-minute  period  (i.e., 
one  earth  orbit)  with  the  restriction  that 
there  would  be  no  more  than  100  minutes 
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of  repeater  operation  in  a given  24-hour 
period.  The  radiation  experiments  and  the 
telemetry  subsystems  were  operated  from 
ten  minutes  prior  to  the  start  of  repeater 
operation  until  ten  minutes  after  the  con- 
clusion of  repeater  operation.  The  simulated 
solar  array  output  from  the  external  power 
supply  was  programmed  to  simulate  the  ef- 
fects of  sun  angle,  solar  cell  conversion 
efficiency,  and  eclipse  conditions.  Command 
verification  runs  were  made  during  the  con- 
tinuous mode  periods. 

Humidity— At  the  completion  of  the  24- 
hour  soak  in  95  ± 5 percent  relative  humid- 
ity followed  by  30-minute  drying  period,  the 
spacecraft  was  operated  for  the  equivalent 
of  an  “A”  test.  TWT  power  output  was 
also  measured  for  both  systems. 

Acceleration — -The  spacecraft,  while  in  an 
operational  state  normal  for  powered  flight, 
was  subjected  to  a steady-state  acceleration, 
corresponding  to  iy2  times  that  normally 
encountered  with  a Delta  vehicle.  The  tests 
were  conducted  separately  along  each  of 
three  coordinate  axes.  The  centrifuge  was 
large  enough  to  prevent  the  “g”  gradient 
along  the  thrust  axis  from  exceeding  +15 
percent  at  the  forward  end  and  +10  percent 
at  the  aft  end,  as  measured  from  the  space- 
craft center-of-gravity.  The  spacecraft  was 
operated  on  internal  batteries  only  during 
this  test. 

Magnetic  Dipole  Moment  Measurement 

The  spacecraft  was  installed  in  the  special 
Spherical  Dipole  testing  machine  and,  operat- 
ing on  internal  batteries  only,  was  pro- 
grammed in  all  of  its  major  modes.  The 
dipole  moment  was  measured  for  each  mode. 
A permanent  magnet  was  then  installed  on 
the  spacecraft  to  null  the  residual  dipole  to 
acceptable  values.  A recheck  was  made  to 
establish  the  remaining  values  of  dipole 
strength.  After  compensation,  the  space- 
craft was  mounted  on  a magnetometer  test 
setup  and  a magnetic  survey  was  made. 

1.  Specifications — The  total  magnetic  mo- 
ment of  the  Relay  spacecraft  was  to  be  re- 
duced to  the  lowest  value  consistent  with  its 


operation.  A value  less  than  0.1  ampere 
turns  meters  squared  was  a design  goal.  The 
spacecraft  design  minimized  the  internal 
magnetic  field  of  the  spacecraft  and  the  total 
external  magnetic  field.  Particular  care  was 
to  be  taken  to  minimize  time-varying  mag- 
netic fields  where  periods  were  close  to,  or 
harmonically  related  to  the  spacecraft  spin 
rate. 

2.  Equipment 

a.  Dipole  Testing  Apparatus — A spher- 
ical aluminum  framework,  approximately 
100  inches  in  diameter,  was  constructed  in 
two  hemispherical  parts  (see  Figure  11- 
19).  Each  part  consisted  of  an  equatorial 
plane  ring  with  half-circle  meridianal 
channels. 

Two  similar  windings  of  copper  wire 
were  installed  on  the  outer  surface  of  each 
hemisphere.  When  the  spacecraft  was 
mounted  in  the  sphere,  the  half  windings 
were  connected  across  the  equatorial  split. 
Each  winding  consisted  of  continuous 


Figure  1 1-1 9,— Magnetic  dipole  testing  apparatus. 
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turns  parallel  to  the  latitude  lines,  extend- 
ing from  pole  to  pole.  The  density  of  the 
winding  varied  as  the  sine  of  the  polar 
angle. 

A winding  of  these  specifications  on  the 
surface  of  a sphere  had  the  property  of 
creating  a uniform  magnetic  flux  in  the 
sphere  when  excited  by  direct  current. 
The  flux  was  parallel  to  the  polar  axis. 

The  sphere  was  oriented  so  that  the 
earth’s  magnetic  field  vector  traversed 
the  sphere,  parallel  to  the  polar  axis.  Cur- 
rent supplied  to  one  of  the  windings  was 
used  to  null  out  the  earth’s  field  vector  in 
the  interior  of  the  device. 

The  second  winding  was  used  to  pick 
up  voltages  induced  by  the  rotating  space- 
craft within  the  sphere.  The  signal  was 
proportional  to  the  magnetic  strength  of 
the  spacecraft  and  the  rate  of  rotation. 
A voltage  signal  in  this  winding  was  theo- 
retically independent  of  position  of  any 
dipole  or  multipole  distribution  within  the 
sphere.  The  signal  magnitude  was  pro- 
portional to  the  net  dipole  present  and 
ignored  multiple  effects. 

Two  small  test  coils  were  fixed  to  the 
framework  supporting  the  spacecraft  and 
rotated  with  it.  These  coils  were  both 
aligned  with  and  perpendicular  to  the 
spacecraft  spin  axis.  Passing  measured 
currents  through  these  coils  produced  null- 
ing dipole  components  within  the  sphere. 
The  magnetic  strength  of  the  coils  meas- 
ured the  nulling  vector  magnitudes  of  the 
spacecraft. 

b.  Magnetometer  Check  Apparatus  — 
This  equipment  consisted  of  an  aluminum 
framework  designed  to  support  the  space- 
craft with  its  spin  axis  in  a horizontal 
plane,  mounted  on  a turntable  to  permit 
angular  positioning  of  the  spacecraft.  A 
magnetometer  support  stand  was  also  pro- 
vided. 

3.  Procedure  — The  net  machine  dipole 
was  established  before  loading  the  space- 
craft. This  was  accomplished  by  setting  the 
current  in  the  component  coils  to  null  out 
the  machine  residual  dipole.  The  current 


through  the  earth’s  field  coil  was  also  set  to 
reduce  the  second  harmonic  of  rotational 
frequency  to  minimum,  an  indication  of  can- 
cellation of  the  earth’s  field. 

The  installed  spacecraft  was  operated  in 
all  of  the  major  modes,  and  the  dipole  mo- 
ment was  measured  for  each  mode.  Next  a 
magnet  was  “cut”  to  the  desired  nulling 
value  and  installed  on  the  spacecraft.  A re- 
cheek  was  made  to  establish  the  net  remain- 
ing values  of  dipole  strength. 

The  spacecraft  was  then  installed  on  the 
magnetometer  stand  with  a magnetometer 
mounted  at  a fixed  distance  from  the  center 
of  the  rotating  stand  (see  Figure  11-20). 
Magnetometer  readings  were  taken  every  20 
degrees  of  spacecraft  attitude. 

4.  Results — The  data  for  the  magnetic  di- 
pole component  along  the  spin  axis  for  each 
operating  mode  of  Relay  Flight  No.  1 space- 
craft is  presented  in  Table  11-3. 

The  difference  between  the  dipole  level 
measured  in  the  spherical  dipole  tester  and 
the  level  of  the  magnetometer  field  test  fa- 
cility was  one-tenth  of  an  ampere-turn-meter 
squared. 

Solar  Simulation — The  electrical  program- 
ming for  this  test  was  very  similar  to  that 
performed  in  thermal  vacuum  testing.  The 
three  major  exceptions  were:  1)  the  use  of 
a rotating  fixture,  requiring  slip  rings  for 
several  dc  connections  (battery  master 
switches  and  flip-flop  reset) ; 2)  antennas 
for  radiating  to  and  from  the  rotating  space- 
craft; and  3)  the  use  of  a light  source  to 
excite  the  solar  array,  requiring  that  the  dc 
power  supplied  from  the  external  power 
supply  be  adjusted  to  make  up  the  difference 
between  the  solar  array  output  and  the 
specified  solar  bus  current.  The  test  was  per- 
formed for  five  days,  during  which  the  space- 
craft was  exercised  as  if  it  were  in  orbit. 

PRELAUNCH  TESTS 
General 

The  prelaunch  checkout  of  the  spacecraft 
encompassed  tests  both  at  RCA-AED  and 
at  Cape  Canaveral.  With  the  exception  of 


252 


RELAY  I — PART  I 


Figure  11-20. — Relay  I spacecraft  mounted  on  magnetometer  stand. 


Table  11-3. — Magnetic  Dipole  Measurements 


Operating  mode* 

Spin  axis  dipole** 

-4.43 
Eclipse  +0.17 
Full  sun  +0.29 
+0.17 
+0.17 
+0.28 
+0.17 
+0.25 
+0.25 
+0.15 

+ 1.68 
-1.67 

Compensated  continuous  

Radiation  experiment  B,  C & 1 ON 

Wideband  system  jf=  1 ON - 

Traveling  wave  tube  ON __ 

Wideband  system  $ 2 ON 

Traveling  wave  tube  $2  ON 

Horizon  scanner  ON 

Attitude  coil  ON 

Positive _ 

Negative  --  __ 

^Operation  in  eclipse  as  noted. 
* * A mpere-turn-meter-squared . 


checkout  following  removal  of  the  gantry 
from  the  launch  pad,  an  especially  con- 
structed payload  checkout  set  was  used  in 
conjunction  with  the  Ground  Support  Equip- 
ment checkout  Van  for  all  testing.  This  set 
differed  from  the  previously  described  ground 
test  fixture  (see  Figure  11-9).  All  switches 
were  hermetically  sealed  for  safe  function- 


ing in  the  explosive  atmosphere  existing  on 
the  ninth  level  of  the  gantry  (due  to  the 
presence  of  the  live  third  stage  rocket) . The 
set  was  electrically  equivalent  to  the  ground 
test  fixture  but  was  constructed  in  a suitcase 
configuration  and  more  ruggedly  built. 

Final  Calibration  at  RCA— AED 

Prior  to  shipment  to  Cape  Canaveral  for 
launch,  the  completed  spacecraft  was  ex- 
amined to  insure  the  accuracy  of  telemetry 
calibrations.  Every  telemetry  point  was 
sampled  and  its  response  compared  to  the 
appropriate  calibration  curve.  New  curves 
were  generated  where  required.  Following 
this  calibration  and  final  inspection,  the  pro- 
totype and  FM-1  spacecraft  were  shipped 
by  special  truck  to  Cape  Canaveral  for  the 
subsequent  series  of  prelaunch  tests  and 
the  mechanical  operations  involved  in  mating 
the  spacecraft  to  the  Delta  launch  vehicle. 

At  Cape  Canaveral  the  principal  test  loca- 
tions for  the  Relay  launch  operations  were: 

1.  Launch  Complex  17,  consisting  of  two 
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launch  pads,  17A  and  17B,  and  supporting 
facilities. 

2.  NASA  assembly  A/E  building  where 
the  van  was  located  for  the  prelaunch  check- 
out. Adjacent  to  this  hanger  was  the  antenna 
tower,  a 50-foot  high  platform  where  an- 
tennas were  mounted  to  radiate  signals  and 
receive  signals  from  the  spacecraft  at  both 
the  spin  building  and  the  launch  complex. 
This  tower  also  mounts  the  satellite-tracking 
antenna  for  monitoring  telemetry  during 
vehicle  ascent  and  subsequent  orbits. 

3.  Spin  Test  Building,  which  was  manned 
by  the  Douglas  Aircraft  Company  for  NASA. 
Here  the  Relay  spacecraft  was  mated  to  the 
Delta  third-stage  motor  and  the  combination 
was  spin-balanced  prior  to  installation  on  the 
launch  vehicle. 

Launch  Preparations  and  Facilities 

The  base  location  at  hangar  A/E  provided 
the  equipment  and  handling  facilities  for 
checking  the  spacecraft  upon  arrival  from 
AED  as  well  as  for  conducting  checks  at 
the  other  two  test  locations.  The  checkout 
van  and  the  antenna  system  required  in  re- 
mote testing  were  located  adjacent  to  hangar 
A/E. 

In  the  Spin  Building,  the  spacecraft  was 
mated  to  the  third  stage  of  the  rocket  and 
the  combination  was  dynamically  balanced 
at  the  flight  programmed  spin  rate.  A spe- 
cial installation  there  consisted  of  two  cor- 
ner-reflectors and  two  four -foot  dishes 
mounted  on  an  external  tower  and  bore- 
sighted  to  the  antenna  tower  at  the  A/E 
hangar.  Antennas  were  connected  to  the 
spacecraft  via  coax  cables  and  waveguides. 

The  third  test  location  was  the  launch 
stand,  where  all  testing  was  done  on  the  9B 
level.  Signals  were  radiated  directly  to  and 
from  the  spacecraft  antennas  from  the  check- 
out van  at  hangar  A/E. 

The  prototype  spacecraft  was  made  avail- 
able at  Cape  Canaveral  to  check  out  all  the 
testing  and  handling  procedures  at  the  three 
locations.  It  was  also  used  in  the  radio-fre- 
quency compatibility  test  required  by  range 
operations.  Two  flight  models  were  sched- 


uled for  delivery  to  Cape  Canaveral,  one  as 
the  primary  payload  and  the  other  as  a back- 
up, in  case  trouble  developed  in  the  primary 
spacecraft. 

The  first  operation  of  Flight  Model  1 
(FM-1)  spacecraft,  after  arrival  at  Cape 
Canaveral,  was  the  comprehensive  initial 
checkout  to  verify  that  all  of  systems  were  in- 
tact after  the  trip  from  RCA-AED.  Subse- 
quently, the  spacecraft  was  given  a daily 
routine  cheek  while  it  remained  in  the  as- 
sembly hangar,  A/E.  The  backup  spacecraft, 
FM-2,  remained  at  AED  for  final  checkout 
and  was  being  readied  for  shipment  when 
FM-1  was  launched. 

Nine  working  days  before  scheduled 
launch  FM-1  was  moved  from  the  A/E 
hangar  to  the  Spin  Building  for  mating  to 
the  third  stage  assembly.  This  consisted  of 
coupling  the  spacecraft  to  the  third  stage 
with  the  explosive-bolt  Marman  clamp.  The 
combination  of  spacecraft  and  rocket  third 
stage  was  tested  for  eccentricity  before  the 
dynamic  spin  balancing  operation.  An  elec- 
trical checkout,  using  the  payload  checkout 
set,  was  made  from  the  van  at  hangar  A/E, 
to  insure  that  the  spacecraft  had  not  been 
damaged. 

Following  this  test,  the  (spacecraft  and 
third-stage)  assembly  was  moved  to  the  spin 
test  fixture.  In  the  balancing  operation,  the 
assembly  was  rotated  at  the  programmed 
rate  and  the  imbalance  measured  with  ac- 
celerometers. Following  the  balancing  oper- 
ation, another  checkout  was  performed  to 
verify  that  no  damage  occurred  during  the 
spin  operation. 

The  assembly  was  then  transported  to  the 
launch  stand  in  a special  carrying  canister 
four  days  before  launch.  After  attachment 
to  the  second  stage  of  the  rocket,  the  space- 
craft and  the  live  third  stage  were  encased 
in  a clear  plastic  enclosure  which  was  con- 
tinuously supplied  with  dust-free,  controlled 
temperature  and  controlled  humidity  air. 

The  spacecraft  was  tested  daily,  using  the 
payload  checkout  set  on  the  9B  level  of  the 
gantry.  The  tests  were  conducted  via  RF 
link  from  the  van  at  hangar  A/E.  Flight 
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shorting  plugs  were  installed  just  before 
gantry  roll-back,  and  the  final  check,  imme- 
diately preceding  the  launch,  was  conducted 
via  RF.  External  power  to  the  spacecraft 
was  supplied  from  a power  supply  in  the 
blockhouse  via  the  first  stage  umbilical  con- 
nector. Telemetry  monitoring  was  continued 
through  lift-off  until  the  spacecraft  disap- 
peared over  the  radio  horizon. 

Satellite  Test  Facilities  at  Base  Location 

Assembly  Hangar  A/B 

The  base  location  for  prelaunch  operations 
at  Cape  Canaveral  was  in  the  NASA  space- 
craft laboratory,  hangar  A/E.  The  hangar 
contained  two  laboratory  areas  in  addition 
to  a hi-bay  loading  area.  A telemetry  receiv- 
ing complex,  an  RF  laboratory,  and  the 
Mission  Control  Center  were  also  located  in 
that  hangar. 

Antennas 

Antennas  at  the  base  location  were  needed 
for  remote  testing  by  radio  coupling  to  the 
spacecraft  at  the  Spin  Building,  for  launch 
stand  tests,  for  terminal/countdown  tests, 
and  for  the  monitoring  of  telemetry  during 
the  ascent  trajectory  and  subsequent  orbits. 

Commands  were  transmitted  to  the  other 
two  test  locations  with  a vertically-polarized 
yagi  mounted  on  top  of  the  50-foot  antenna 
tower.  Boresighting  to  the  test  sites  was 
done  optically. 

Telemetry  reception  was  facilitated  by  an 
optically  boresighted,  horizontally-polarized 
yagi  mounted  on  the  50-foot  tower.  Recep- 
tion of  telemetry  signals  during  the  terminal 
countdown,  lift-off  and  ascent  trajectory, 
and  subsequent  orbits  were  received  on  a 
9 -yagi,  cross -polarized,  steerable  array, 
mounted  on  the  50-foot  tower.  The  array 
was  manually  steered  at  acquisition,  using 
computed  pointing  data  and  corrected  for 
tracking  by  scanning  both  in  azimuth  and 
elevation  for  maximum  signal  strength. 

Microwave  (UHF)  transmissions  to  the 
Spin  Building  were  made  via  a 4-foot  para- 
bolic dish  antenna ; transmissions  to  the 
launch  stand  were  made  with  a 6-foot  para- 


bolic dish.  Both  were  tower-mounted  and 
optically  boresighted. 

Microwave  (SHF)  transmissions  from  the 
spacecraft  while  at  the  Spin  Building  were 
received  on  a small  horn  antenna.  Trans- 
missions from  the  launch  stand  were  received 
with  a 10-foot  parabolic  dish.  Both  were 
tower-mounted  and  optically  boresighted. 

Test  Facilities  at  the  Spin  Building 

At  the  Spin  Building,  two  4-foot  parabolic 
dish  antennas  were  mounted  on  an  external 
tower  and  optically  boresighted  to  hangar 
A/E.  Waveguides  and  coaxial  cables  were 
used  to  couple  these  to  the  spacecraft  micro- 
wave  systems.  Command  and  telemetry  sig- 
nals were  connected  to  a vertically-polarized 
corner  reflector  mounted  on  the  tower.  The 
payload  checkout  set  and  a current-limited 
power  supply  were  installed  in  the  building 
as  far  away  from  the  live  third  stage  as  the 
cables  would  permit. 

Spacecraft  Facilities  on  the  Launch  Stand 

Upon  completion  of  spin  balancing,  the 
spacecraft-third  stage  combination  was  en- 
closed in  a carrying  canister  for  transporta- 
tion to  the  launch  stand.  The  carrying 
canister  was  lifted  up  to  the  ninth  level  by 
cranes,  where  the  spacecraft-third  stage 
combination  was  assembled  and  mated  to 
the  second  stage.  The  spacecraft  and  third 
stage  of  the  rocket  were  each  enclosed  in 
clear  plastic  shrouds  continuously  supplied 
with  dry,  cool  air.  The  working  area  on  the 
ninth  level  was  also  enclosed  in  a tent. 

Spacecraft  Testing 

Three  series  of  tests  were  performed  on 
the  spacecraft.  The  first  was  the  initial 
checkout  in  A/E  hangar,  a comprehensive 
test  made  just  after  the  spacecraft  was  re- 
ceived from  AED,  and  included  hard-line 
tests  of  all  subsystems.  The  second  series 
were  daily  tests,  using  hard-lines  covering  the 
period  from  the  completion  of  the  initial 
checkout  until  delivery  of  the  spacecraft  to 
the  spin  facility.  The  third  series  of  tests 
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were  performed  via  RF  link  to  the  space- 
craft at  the  other  two  test  locations. 

Inifiof  Checkout 

The  initial  checkout  included  the  following 
items:  physical  inspection  in  detail;  power 
supply  checks,  command  verification  checks, 
command  systems  redundancy  test,  VHF 
power  measurements,  VHF  frequency  meas- 
urements, wideband  functional  acceptance 
checks,  swept-response  test,  wideband  fre- 
quency measurements,  television  simulation, 
group  delay  measurements,  radiation  experi- 
ments, sun  aspect  indicator  test,  horizon 
scanner  test,  and  attitude  control  coil  test. 

The  spacecraft  was  mounted  on  the  port- 
able pedestal  with  a Marmon  clamp.  All 
solar  array  panels  except  4A  were  mounted 
and  plugged  in  (solar  panel  4 A was  off  to 
allow  connections  to  be  made  to  the  com- 
mand receivers).  Three  of  the  monopole 
whips  were  replaced  by  50  n terminations; 
the  fourth  was  replaced  on  a 20  db  pad.  This 
connection  made  possible  precise  measure- 
ments on  the  VHF  systems  without  the  need 
to  radiate  power  at  the  VHF  beacon  fre- 
quency or  at  the  command  frequency.  The 
latter  consideration  is  especially  important 
at  Cape  Canaveral,  where  all  radio-frequency 
is  carefully  controlled  and  frequently  prohib- 
ited for  range  safety. 

The  TWT  output  cables  were  removed 
from  the  antenna  and  connected  to  dummy 
loads  (80  watt  terminations  or  a calorimeter) 
in  order  to  check  out  the  wideband  systems. 
A diagram  of  the  test  setup  is  shown  in  Fig- 
ure 11-21. 

Daily  Checks 

The  daily  checks  were  performed  under  the 
same  conditions  as  the  Initial  Checkout.  How- 
ever, the  following  tests  were  deleted : 

1.  VHF  power  measurements 

2.  VHF  frequency  measurements 

3.  Wideband  frequency  measurements 

4.  Command  redundancy  tests 

In  addition,  an  abbreviated  check  of  the  ra- 
diation experiments  was  performed. 
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Figure  11-21.— Test  setup  for  initial  and  daily  check- 
outs at  A/E  hangar  at  Cape  Canaveral. 


Tests  at  the  Spin  Building 

All  testing  of  the  spacecraft  in  the  Spin 
Building  was  done  remotely  by  RF  link  from 
the  checkout  van  at  hangar  A/E.  The  pay- 
load  checkout  set  was  used  to  monitor  certain 
functions,  as  a backup  for  the  van.  The  ex- 
ternal power  supply  was  connected  to  the 
spacecraft  via  a test  plug.  Tests  were  run  on 
the  power  supply,  command  verification, 
wideband  functional  check,  and  swept  re- 
sponse. 

Tests  at  the  Launch  Stand 

All  testing  was  performed  via  RF  link  to 
the  checkout  van.  The  payload  checkout  set 
and  the  external  power  supply  were  con- 
nected to  the  spacecraft  but  kept  far  from 
the  spacecraft/third-stage  because  of  the  ex- 
plosive atmosphere.  Tests  on  the  various 
subsystems  were  similar  to  those  performed 
at  the  spin  building.  In  addition,  TV  simu- 
lation and  group  delay  tests  were  performed. 
A detailed  checkout  of  the  radiation  experi- 
ments was  made  by  the  experimenters  using 
both  pulsers  and  radioactive  sources.  Hori- 
zon scanner,  sun  aspect  indicator,  and  torque 
coil  were  also  checked  on  the  gantry.  All 
RF  signals  at  the  gantry  were  handled  di- 
rectly via  the  spacecraft  antenna  systems. 
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Range  Operations 

Tests  on  T —I  I 

On  the  day  T —11  (“T  minus  11”  means 
eleven  working  days  before  launch) , the  pro- 
totype spacecraft  was  taken  from  the  check- 
out hangar  to  the  Spin  Building  where  it  was 
mated  to  a dummy  third  stage.  This  event 
was  in  preparation  for  the  RF  compatibility 
test  on  T —10,  but  it  also  gave  all  personnel 
an  opportunity  to  rehearse  procedures  before 
arrival  of  the  flight  model  at  the  Spin  Build- 
ing. 

Tests  on  T -~<10 

On  T —10,  the  prototype  and  dummy  third 
stage  were  transferred  to  the  launch  stand 
and  were  attached  to  the  second  stage  of  the 
Delta  vehicle.  The  RF  compatibility  test  on 
T —10  showed  that  all  the  range  radars,  the 
guidance  system,  the  destruction  system, 
vehicle  beacons,  and  the  spacecraft  systems 
were  mutually  compatible. 

Tests  on  T — 9 

On  T —9,  the  FM-1  spacecraft  was  trans- 
ferred to  the  Spin  Building  to  be  mated  to 
the  live  third  stage.  Checks  were  made  daily 
on  the  spacecraft  until  T —4  when  the  space- 
craft was  transferred  to  the  launch  stand. 

Tests  on  T — 4 

On  T —4,  the  FM-1  spacecraft  and  live 
third  stage  were  transferred  from  the  spin 
building  to  the  launch  stand  to  be  mated  to 
the  second  stage  of  the  Delta  vehicle.  A check 
of  all  spacecraft  systems  was  made  via  RF 
from  the  van. 

Tests  on  T — 3 

On  T —3,  an  all-systems  check  was  made 
to  verify  the  readiness  of  the  integrated  vehi- 
cle and  supporting  range  functions  for  the 
launch  operation. 

Tesfs  on  T — 2 

On  T— 2,  a daily  check  was  made  on  the 
spacecraft  following  a no  switching-no  radia- 
tion period  while  ordnance  installation  for 
first  and  second  stages  was  accomplished. 


Tests  on  T —I 

On  T — 1,  countdown  began  with  a space- 
craft checkout  of  all  systems,  including  a 
check  of  the  radiation  experiments.  The 
overall  test  time  allocated  was  five  hours,  45 
minutes.  Missile  engine  checks,  missile  elec- 
trical checks,  range  readouts,  command  de- 
struct,  and  external  and  internal  power 
checks  were  made  during  the  time  the  space- 
craft checks  were  carried  out.  Following 
completion  of  these  tests,  second  stage  pro- 
pellant servicing  and  pressurization  were  ac- 
complished. 

Tests  on  T —0 

The  day  T — 0 countdown  began  with  a 
31/2  hour  checkout  of  all  spacecraft  systems. 
First  stage  fueling  was  also  accomplished  at 
this  time.  A period  of  no  switch-no  radiation 
followed,  in  which  the  third  stage  fairing 
was  installed  along  with  the  necessary  ord- 
nace  items.  Another  spacecraft  test  with  the 
flight  shorting  plugs  in  place  was  made  fol- 
lowing fairing  installation.  This  test  was 
completed  in  1%  hours.  During  this  time, 
range  RF  systems  and  command  destruct 
checks  were  made.  Another  no  switch-no 
radiation  period  was  instituted  to  allow  for 
final  installation.  Following  the  completion 
of  the  ordnance  installation,  the  gantry  tower 
was  moved  back  to  its  stowed  position.  The 
final  spacecraft  checkout  was  made  from 
T —85  minutes  to  T —35  minutes.  Liquid 
oxygen  filling  was  accomplished  during  this 
time.  A one-hour,  built-in  hold  was  partially 
used  to  complete  the  LOX  servicing.  Termi- 
nal countdown  was  started  at  T —35  minutes 
at  1755  EST.  The  spacecraft  was  commanded 
into  the  launch  condition : i.e.,  both  telemetry 
transmitters  on,  encoder  on,  radiation  experi- 
ments on,  load  cutoff  normal,  TV  mode,  wide- 
band subsystems  off,  torque  coil  off.  The 
external  power  supply  in  the  blockhouse  con- 
tinued to  supply  load  and  battery  charging 
current  until  T — 5 seconds.  Ignition  and  lift- 
off occurred  on  schedule  at  1830  EST.  Main 
engine  cutoff  occurred  at  T -(- 148  seconds, 
second  stage  engine  cutoff  at  T + 316  sec- 
onds, third  stage  spin  up  at  T + 1461  seconds, 


SYSTEMS  INTEGRATION 


257 


third  stage  engine  burnout  at  T -j-  1516  sec- 
onds, and  spacecraft  separation  at  T + 1636 
seconds. 

Telemetry  signals  were  received  from  lift- 
off until  the  spacecraft  dropped  below  the 
radio  horizon.  No  changes  were  observed  in 
the  operating  mode  of  the  spacecraft  during 
the  launch  sequence. 

LAUNCH  VEHICLE  AND  ORBIT 
Description  of  Delta  Vehicle 

The  Delta  vehicle  is  a three-stage  rocket, 
with  ground-guided,  liquid-fueled,  first  and 
second  stages,  and  a spin-stabilized,  solid 
propellant  third  stage.  A low-drag,  fiber- 
glass fairing  surrounds  the  third  stage,  and 
the  Relay  spacecraft  was  mounted  on  it  in 
the  launch  configuration.  The  overall  vehicle 
was  approximately  90  feet  high  and  weighed 
about  57  tons,  fueled  and  ready  for  flight. 

The  first  stage  is  an  operational-type  Thor 
missile  modified  for  the  Delta  use.  Its  engine 
uses  RP-1  (high  grade  kerosene)  fuel  with 
liquid  oxygen  (LOX)  as  the  oxidizer  and 
nominally  develops  159,200  pounds  thrust  at 
liftoff,  increasing  to  173,700  pounds  at  steady 
state.  The  propellants  are  injected  into  the 
combustion  chamber  by  turbopumps.  Vehicle 
performance  is  based  on  the  use  of  at  least 
99  percent  of  the  propellant,  with  a burning 
time  to  MECO  based  on  LOX-depletion.  A 
flight  controller,  employing  three  integrating 
gyros,  three  rate  gyros,  and  a programmer 
is  used  to  provide  open  loop  control  until  the 
BTL  ground  guidance  system  takes  over, 
about  90  seconds  after  liftoff.  Control  is 
achieved  by  a combination  of  hydraulically 
gimballed  main  engine  nozzle  and  two  small 
vernier  engines. 

The  second  stage  propulsion  system  used 
unsymmetrical  dimethyl  hydrazine  (UDMH) 
fuel  and  inhibited  white  fuming  nitric  acid 
(IWFNA)  as  the  oxidizer.  Nominal  steady- 
state  thrust  developed  was  7560  pounds.  A 
gaseous  nitrogen  retro-system  is  used  on  the 
second  stage  to  provide  reverse  thrust  to  get 
the  required  separation  distance  between  the 
second  and  third  stages  at  third-stage  igni- 


tion. Second  stage  in-flight  steering  control 
is  achieved  by  hydraulic  gimballing  of  the 
second  stage  engine  thrust  chamber.  Roll 
control  is  accomplished  by  discharging  heli- 
um gas  through  four  roll  jets,  two  of  which 
react  in  a clockwise  direction,  and  two  react 
in  a counter-clockwise  direction.  Both  pitch 
and  yaw  control  systems  respond  to  com- 
mands from  the  BTL  ground  guidance  sys- 
tem. 

During  the  coast  period,  starting  at  sec- 
ond-stage burnout  and  ending  at  second/third 
stage  separation,  the  vehicle  was  turned  to 
its  proper  spatial  orientation  by  means  of  a 
second-stage  coast  phase  control  system.  The 
gyros  used  to  control  the  second  stage  during 
the  powered  portion  of  flight  supplied  the 
attitude  reference  used  to  control  the  gas  jet 
system  during  the  coast  phase.  An  on-off  type 
of  gas  jet  operation  was  used. 

To  provide  range  safety  destruction  capa- 
bility, the  Delta  vehicle  carries  command  de- 
struction receivers  in  the  first  and  second 
stages.  The  flight  termination  system  in  each 
stage  consisted  of  the  receiver  and  decoder, 
antenna  system,  safety  and  arming  mecha- 
nism, a detonating  cord  strand  to  rupture 
propellant  tanks,  and  a power  supply  inde- 
pendent of  vehicle  power.  Prior  to  first/sec- 
ond-stage separation,  either  system  would 
destroy  both  stages. 

A large-diameter  (approximately  22  inches) 
ball-bearing  mounting,  at  the  forward  end 
of  the  second  stage,  supports  the  spin  table, 
which  in  turn  supports  the  third  stage  motor 
and  spacecraft.  Prior  to  third  stage  ignition, 
the  third  stage  and  spacecraft  are  spin-sta- 
bilized at  approximately  165  rpm  by  small 
rocket  motors  attached  to  the  spin  table.  The 
third  stage  propulsion  system  has  a solid  pro- 
pellant motor  and  a fixed  nozzle. 

The  separation  of  the  spacecraft  from  the 
third  stage  was  delayed  two  minutes  after 
nominal  fuel  depletion  to  allow  time  for  af- 
terburning and  outgassing  of  the  third  stage 
motor,  thus  preventing  contamination  of  the 
satellite.  The  third  stage  motor  was  tumbled, 
by  an  asymmetrical  weight  after  separation, 
to  prevent  impact  with  the  satellite. 
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A low-drag  fairing  was  provided  to  de- 
crease aerodynamic  drag  and  to  protect  the 
spacecraft  and  third-stage  motor  from  aero- 
dynamic heating  during  flight  through  the 
atmosphere.  This  fairing  was  jettisoned  dur- 
ing second-stage  powered  flight  at  an  altitude 
where  protection  from  aerodynamic  heating 
was  no  longer  needed. 

Spacecraft/Launch  Vehicle  Integration 

The  Delta  vehicle  for  the  Relay  project 
placed  limits  and  requirements  on  the  space- 
craft to  insure  compatibility.  Dimensions 
of  the  standard  low-drag  fairing  established 
a maximum  envelope  diameter  of  29  inches. 
A standard  Delta  payload  attachment  fitting 
was  incorporated  as  an  integral  part  of  the 
spacecraft  structure  to  mate  with  the  corre- 
sponding fitting  on  the  Delta.  The  compati- 
bility of  the  spacecraft  design  was  confirmed 
at  a fit-check  mating  at  Douglas  Aircraft 
Company,  Santa  Monica,  California,  when  a 
full-scale  accurate  mockup  of  the  spacecraft 
was  assembled  with  the  appropriate  launch 
vehicle  components. 

Orbit  Determination  and  Guidance 

The  desired  Relay  orbit  resulted  from 
tradeoffs  in  consideration  of  Delta  capabili- 
ties in  terms  of  orbits  achievable  and  space- 
craft weight  and  size.  The  vehicle  perform- 
ance was  very  nearly  perfect,  resulting  in  the 
following  orbital  parameters: 

Apogee : 4627  statute  miles 
Perigee : 818  statute  miles 
Inclination  of  orbit  to  earth’s  equator : 47.5° 
Anomalistic  period:  185  minutes 
Because  of  range  safety  considerations,  the 
launch  azimuth  may  not  exceed  108°  when  a 
Delta  vehicle  is  launched  from  Cape  Canav- 
eral. This  establishes  a path  which  crosses 
the  equator  at  an  angle  of  about  33°.  The  or- 
bital inclination  will  have  this  value  if  all  three 
stages  are  fixed  in  the  initial  flight  plane,  as 
they  would  be  for  maximum  energy  use.  The 
desired  higher  inclination  of  47.5°  was  at- 
tained by  yawing  the  second  and  third  stages 
to  the  south  of  the  initially  established  ascent 
trajectory  plane  when  the  vehicle  had  arrived 


at  a point  where  the  range  was  clear  to  the 
south.  Since  the  energy  imparted  to  a space- 
craft is  reduced  by  such  yawing,  the  final 
apogee  or  perigee  or  both  will  be  reduced. 
In  developing  the  ascent  trajectory  it  is  nec- 
essary to  ensure  that  the  command  guidance 
system  at  the  launch  site  maintains  contact 
with  the  vehicle  during  first  and  second-stage 
powered  flight.  The  vehicle  must  stay  well 
above  the  launch  site  horizon  and  be  pointed 
properly  so  that  its  antenna  will  receive  guid- 
ance signals  from  the  launch  site.  Several 
reiterative  calculations  are  required  for  the 
determination  of  the  optimum  ascent  trajec- 
tory. 

After  the  second  - stage  engine  cutoff 
(SECO),  the  vehicle  is  allowed  to  coast  up- 
ward, losing  speed,  until  finally  it  reaches  the 
apogee  of  the  ascent  trajectory  established 
by  the  first  and  second  stages.  During  this 
coasting  period,  the  second  stage  was  turned 
to  its  proper  spatial  orientation  by  means  of 
the  gas  jet  system.  The  third  stage  was  ig- 
nited when  the  vehicle  reached  the  ascent 
apogee.  The  third  stage  axis  is  maintained  in 
the  local  horizontal  plane  at  the  time  of  firing, 
in  order  that  no  more  energy  be  wasted,  so 
that  the  final  perigee  position  will  coincide 
with  the  ascent  trajectory  apogee. 

The  Relay  launch  vehicle  was  guided  by  the 
BTL  command  guidance  system.  The  com- 
mand guidance  system  consists  of  a precision 
tracking  ground  radar,  a digital  computer, 
and  a missile-borne  system  in  the  second 
stage  of  the  rocket.  This,  in  turn,  consists 
of  a radio  guidance  receiver,  decoder,  and 
transmitter.  The  ground  guidance  facility  is 
located  about  two  miles  from  the  launch  area, 
and  houses  the  radar  and  the  computer.  In 
the  command  guidance  system,  the  launch 
vehicle  position  is  continuously  determined 
by  the  precision  ground-based  automatic 
tracking  radar.  The  computer  analyzes  the 
position  data  and  derives  appropriate  vehicle 
velocities.  The  missile  position  and  velocity 
data  are  compared  with  pre-calculated  values, 
representing  the  desired  trajectory  which  has 
been  stored  in  the  computer  memory  prior  to 
flight.  Coded  steering  commands,  based  on 
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error  signals  between  the  actual  and  desired 
values,  are  transmitted  to  the  vehicle  on  the 
radar  beam. 

An  engine  cutoff  command  is  sent  to  the 
vehicle  when  the  ground-based  computer  is 
satisfied  that  the  desired  terminal  conditions 
have  been  met.  The  high  degree  of  accuracy 
of  the  command  guidance  system  results  pri- 
marily from  the  combination  of  reliable  com- 
munications to  the  missile,  precision  radar- 


tracking, and  a unique  computation  process 
involving  radio  inertial  guidance  principles 
for  determination  of  velocity. 

Authors.  This  chapter  was  written  by  W. 
Schreiner,  R.  Newman,  and  M.  Gittler  of 
the  Radio  Corporation  of  America,  Princeton, 
New  Jersey,  U.S.A.  under  contract  NAS 
5-1272  with  NASA/Goddard  Space  Flight 
Center. 
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INTRODUCTION 

The  Relay  spacecraft  was  designed  to  dem- 
onstrate the  feasibility  of  using  low-altitude 
satellites  to  relay  wideband  communication 
signals  over  great  distances.  In  addition, 
Relay  I obtained  extensive  information  on 
the  effects  of  the  orbital  environment  on 
satellites  of  this  type. 

To  provide  and  assure  the  high  degree  of 
reliability  required  for  this  program  a de- 
tailed reliability  program  was  formulated. 
This  reliability  program  was  based  on: 

1.  Component  part  reliability 

2.  System  reliability  analyses 

3.  Conservative  design 

4.  Rigorous  testing 

5.  Quality  control. 

Component  part  reliability  and  redun- 
dancy determine  the  inherent  reliability  of 
the  spacecraft.  Design,  testing,  and  quality 
control  represent  the  engineering  effort  re- 
quired to  strive  for  this  maximum  inherent 
reliability. 

Because  of  the  effort  expended  on  these 
areas,  Relay  I has  successfully  completed 
more  than  one  year  of  operation  in  space. 

PARTS  PROGRAM 
General 

The  selection  of  proper  component  parts 
constituted  the  initial  phase  of  the  reliability 
program. 


Component  specialists  prepared  a standard 
parts  list  for  the  control  of  parts  selection. 
The  definition  of  such  parts  demanded  that 
the  parts  possess  specific  electrical,  environ- 
mental, and  reliability  characteristics.  The 
environmental  stringencies  of  outer  space 
precluded  use  of  many  parts  which  were  com- 
mon in  ground  equipment, 

Radiation  has  a degrading  effect  on  the 
paper  and  impregnant  used  in  paper  capac- 
itors; non-hermetically  sealed  wet  tantalum 
and  aluminum  capacitors  lose  their  electro- 
lyte in  vacuum;  adjustable  components  ex- 
hibit sensitivity  to  vibration  and  other  me- 
chanical stress ; and  many  oils,  greases,  etc., 
outgas  or  change  physical  properties  under 
conditions  of  high  vacuum  or  radiation. 
These  are  examples  of  factors  that  had  to  be 
considered  in  the  preparation  of  a standard 
parts  list. 

Procedures  were  also  established  for  util- 
ization of  non-standard  parts  whereby  a 
design  engineer  submitted  application  data, 
requirements,  and  recommendations  to  the 
appropriate  component  specialist.  Analysis 
and  testing,  if  necessary,  resulted  in  accept- 
ance or  rejection  of  these  non-standard  parts. 

Mission  Profile 

A mission  and  environments  profile  was 
developed  from  the  requirements  specified 
for  system  operation.  This  profile  described 
the  maximum  conditions  the  spacecraft  was 
to  undergo  during  its  operational  life  (see 
Table  12-1) . 


261 


262 


RELAY  I— PART  I 


Table  12-1. Spacecraft  Mission  Profile 


Environmental 

condition 

Factory  phase 

Prelaunch  phase 

Launch  phase 

Orbit  phase 

Radiation 

intensity 

Inner  Van  Allen  Zone 
proton  #>40  Mev 
2 X 104/cm2sec 
Electron  E>600  kev, 
108/cm2  sec 

Electrical 

interference 

MIL-I-26600 

i 

Vacuum 

Atmosphere  to  less 
than  1CM  mm  Hg 

Less  than  lO*  mm  Hg 

Altitude 

Sea  level  to 
50,000  feet 

Sea  level 

Sea  level  to  orbit 

800  to  2500  miles 

Vibration 

Non-isolated 

equipment 

3.5  g rms  at  5 to 
50  cps 

1.5  g rms  at  50  to 
300  cps 

j 

Humidity 

100% 

100% 

Ambient 

temperature 

+160°F  unsheltered 
ground  condition 

— 35  °F  restricted 
air  transport 

900°F  flash 
temperature 
approximately 
4 minutes 
160°F  on  inside  of 
nose  fairing 

Solar  radiation  442.4 
BTU/hr  ft2 

Pertinent  environmental  information  was 
extracted  from  the  profile  to  dictate  sub- 
system and  component  requirements  neces- 
sary for  successful  operation.  The  environ- 
mental information  was  then  integrated  into 
the  parts  program  to  govern  the  selection  of 
qualified  parts. 

The  most  serious  of  all  environmental 
conditions  for  spacecraft  is  radiation  in  the 
inner  Van  Allen  zone.  The  expected  inte- 
grated radiation  levels  per  year  were  104 
roentgens  inside  the  spacecraft  and  10® 
roentgens  on  the  surface.  Subsequent  scien- 
tific experiments  disclosed  that  a more  severe 
radiation  problem  existed.  Since  this  addi- 
tional information  came  too  late  to  be  in- 
cluded in  the  component  and  design  criteria, 


a special  test  program  was  conducted  on 
semi-conductors  used  in  the  Relay  spacecraft. 

Eighty -four  power  transistors  (twelve 
each  of  seven  types  used  in  the  Relay  satel- 
lite) were  irradiated,  four  at  a time,  in  a 
6-Mev  LINAC  microwave  electron  acceler- 
ator. Performance  was  followed  closely  and 
parameters  were  plotted  after  successive 
doses,  corresponding  roughly  to  one  day,  10 
days,  and  100  days  in  the  Relay  satellite 
orbit. 

Results  were  consistent,  and  indicated  that 
most  of  the  types  tested  degraded  in  a pre- 
dictable manner,  with  little  divergence  for 
any  particular  component.  Degradation  was 
surprisingly  rapid  for  exposed  transistors; 
this  indicated  that  shielding  from  high  en- 
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ergy  electrons  was  urgently  needed. 

If  additional  shielding  had  not  been  pro- 
vided, Beta  might  have  fallen  to  minimum 
Beta  design  value  within  5 days  for  the  most 
sensitive  type,  the  2N174A,  in  the  high- 
power,  voltage  regulators.  The  generalized 
Beta  degradation  curves  for  the  transistors 
tested,  without  special  shielding,  are  given  in 
Fibure  12-1.  Observed  increases  in  collector- 
base  leakage  current  were  fourfold.  Reverse 
bias  on  the  collector-base  junction  did  not 
noticeably  change  the  rate  of  degradation. 
As  a result  of  this  testing,  additional  shield- 
ing was  added  to  protect  the  2N665  and 
2N1039  transistors  in  the  battery  charge 
controller  and  the  power  transistors  in  the 
voltage  regulators. 

Preconditioning 

Initial  preconditioning  plans  included  a 500- 
hour,  burn-in  period  for  all  parts.  However, 
it  became  apparent  in  the  initial  stages  of 
the  project  that  proper  implementation  and 
control  of  the  burn-in  was  not  possible  be- 
cause of  the  short  work  schedule.  An  alter- 
nate procedure  was  adopted  to  be  compat- 
ible with  the  work  schedule.  All  parts  were 
baked  at  elevated  temperatures  for  168  hours 
and  subjected  to  electrical  testing  before 


Figure  12-1. — Predicted  transistor  degradation  with- 
out special  shielding. 


and  after  preconditioning. 

The  screening  process  was  expected  to 
remove  initial  failures  and  potential  failures 
early  in  the  program,  thus  reducing  the 
required  post-fabrication  rework  and  aiding 
attainment  of  the  reliability  specified  for  the 
system.  Figure  12-2  shows  a failure  distri- 
bution for  a typical  lot  of  components.  Fail- 
ure rate  is  plotted  as  a function  of  time. 
There  are  two  regions  of  relatively  high, 
non-constant,  failure  rate.  One  occurs  early 
in  life  due  to  initial  defects  in  manufacture, 
and  the  other  occurs  toward  the  end  of  part 
life  and  is  attributable  to  wearout.  Precon- 
ditioning carries  the  parts  beyond  the  early 
life,  high  failure  rate,  region  and  into  the 
constant  failure  rate  region.  Proper  selec- 
tion of  parts  prevents  reaching  the  wearout 
region. 

In  conjunction  with  preconditioning,  100- 
percent  incoming-part  inspection  was  em- 
ployed in  lieu  of  sampling  techniques,  to 
assure  reliability  of  each  component. 

Except  for  transistors,  all  components 
were  accepted  or  rejected  on  the  basis  of 
specification  tolerances.  In  the  case  of  tran- 
sistors, a 20-percent  change  in  Beta  gain  or  a 
100-percent  change  in  leakage  current  ( ICbo ) 
also  rendered  that  part  unacceptable. 

Inspection  after  preconditioning  resulted 
in  rejection  of  8.74  percent  of  the  parts 
which  had  already  passed  earlier  inspection. 
If  it  can  be  assumed  that  the  component 
parts  rejected  after  preconditioning — there 
were  2090  of  them — -would  have  been  fail- 
ures during  early  test  hours,  then  the  value 


Figure  12-2— Common  component  part  life  char- 
acteristie. 
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Table  12-2. — Relay  Parts  Program,  Preconditioning  Results 


Equipment 

Initial 

inspection 

quantity 

passed 

Rejected  after  burn-in 

Equipment 

Initial 

inspection 

quantity 

passed 

Rejected  after  but n-in 

Quantity 

Percentage 

Quantity 

Percentage 

Capacitors 

Resistors 

Fixed  mica  dielectric 

2736 

176 

6.43 

Metal  film,  HT 

235 

0 

0 

Glass  dielectric,  variable. ___ 

1228 

126 

10.26 

Carbon  composition,  fixed...  . 

10,880 

878 

8.07 

Ceramic  dielectric,  fixed 

1218 

142 

11.66 

Wirewound,  fixed 

16 

0 

0 

Glass  dielectric,  fixed 

2498 

284 

11.37 

Wirewound,  variable . 

66 

6 

9.1 

Ceramic  dielectric,  variable.  _ 

65 

5 

7.69 

CK- types  Vitramon 

625 

53 

8.48 

Transformers 

224 

14 

6 25 

DO-T-37 

11 

0 

0 

RCA  Drawing  No.  8987915  .. 

100 

7 

7.0 

Mylar  dielectric 

10 

0 

0 

Transistors 

DEP-01  (RCA  spec,  no.) 

79 

28 

35.45 

Chokes 

DEP-02 

6 

3 

50.00 

RF 

733 

56 

7.64 

DEP-03 

30 

0 

o 

Crystals 
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199 

1 

0.51 

PfA  R5RfVt4q 

31 
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12 
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0 
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3 
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13 

0 

0 
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25 

5 
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22 

3 
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9.04 
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0 
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6.67 
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0 
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60 

0 

0 

Total. . 

23,902 

2,090 

(8.74) 

of  this  screening  process  is  obvious.  Without 
preconditioning,  the  post-fabrication  rework 
would  have  been  excessive.  Results  of  the 
preconditioning  are  tabulated  in  Table  12-2. 

De-rating  Policy 

Component  part  failure  rates  increase  as 
the  electrical  and  environmental  stresses  on 
the  part  are  increased.  To  assure  conserva- 
tive design  and  to  keep  part  failure  rates  as 


low  as  possible,  a derating  policy  was  estab- 
lished. Basic  provisions  of  the  policy  were: 

1.  The  maximum  power  dissipated  by  any 
semiconductor,  averaged  over  a 30-second 
period,  must  not  exceed  20  percent  of  the 
power  rating  at  25°  C.  Voltage  transients 
must  not  exceed  80  percent  of  the  rated 
breakdown  voltage. 

2.  No  mica  or  ceramic  capacitors  were 
operated  at  voltage  levels  greater  than  10 
percent  of  the  rating  at  25°C.  Tantalum 
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capacitors  were  not  to  operate  above  70  per- 
cent of  the  65°C  voltage  rating. 

3.  The  power  dissipated  by  any  resistor, 
averaged  over  a 30-second  period,  must  not 
exceed  50  percent  of  the  25  °C  power  rating, 
nor  be  subjected  to  a voltage  greater  than  80 
percent  of  rated  value. 

SYSTEM  RELIABILITY  ANALYSIS 
Redundancy 

General 

The  major  decision  concerning  redundancy 
in  the  Relay  spacecraft  system  was  made 
during  the  proposal  effort.  This  decision  was 
based  primarily  on  the  following: 

1.  The  calculated  reliability  of  any  single 
system  was  low  without  redundancy. 

2.  The  effects  of  space  environment  were 
unknown,  especially  combined  effects  of  vac- 
uum and  radiation. 

Redundancy,  as  applied  to  the  final  space- 
craft, was  integrated  at  all  levels,  including 
piece  parts,  circuits,  black  boxes  and  the 
subsystem  level.  Applications  are  discussed 
briefly  below. 


Systems  Power  Supply 

Figure  12-3  illustrates  the  block  diagram 
of  the  spacecraft  power  supply.  Four  areas 
of  redundancy  were  incorporated  in  this  de- 
sign: solar  cells,  battery  and  charge  con- 
trollers, high  power  regulators  and  the  low 
voltage  sensor. 

For  redundancy  in  the  solar  cell  area,  a 
series-parallel  wiring  design  allows  failures 
to  occur  (either  short  circuits  or  open  cir- 
cuits), without  seriously  jeopardizing  sys- 
tem power.  Figure  12-4  illustrates  the  inter- 
connection wiring  of  cells  on  a section  basis. 
Normally,  five  series  cells  make  up  a shingle; 
four  or  six  parallel  shingles  make  up  a block ; 
fifteen  series  blocks  make  up  a string ; two 
parallel  strings  make  up  a section ; two  par- 
allel sections  make  up  a panel;  and  eight 
parallel  panels  make  up  the  total  array. 

The  loss  of  any  individual  cell  can  have  one 
of  two  effects.  If  the  cell  shorts,  the  voltage 
contribution  of  that  cell  is  lost.  If  the  cell 
opens  the  current  contribution  of  that  shingle 
is  lost. 

Redundancy  was  added  by  increasing  the 
voltage  and  current  capability  to  offset  deg- 


Figure  12-3. — System  power  supply,  block  diagram. 
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UNREGULATED 


Figure  12-4. — Typical  section  of  a solar  panel. 


radation  and/or  catastrophic  failures.  With 
this  addition,  reliability  is  dependent  not  on 
the  simple  series  function  but  is  more  nearly 
represented  by  a binomial  expression.  Reli- 
ability is  dependent  on  the  amount  of  addi- 
tional power  designed  into  the  system,  oyer 
and  above  the  required  values. 

The  second  area  of  redundancy  is  com- 
pletely functional.  One  redundancy  is  in  the 
battery,  battery  charge  and  control  circuitry. 
Here  three  charging  circuits  and  three  bat- 
teries have  been  provided  where  any  two  of 
the  three  will  provide  sufficient  power  for 
operation,  provided  the  spacecraft  is  not  re- 
quired to  operate  extensively  during  eclipses. 

The  final  point  of  redundancy  in  the  sys- 
tem power  supply  consists  of  two,  high 
power,  voltage  regulators,  one  for  each  of 
the  wideband  repeater  subsystems.  This  is 
not  a one-for-one  redundancy,  but  each  reg- 
ulator is  a series  element  in  the  repeater, 
where  complete  subsystems  are  provided  on 
a one-to-one  basis.  This  is  illustrated  in 
Figure  12-5. 

Wideband  Repeaters 

The  wideband  repeater  is  a complete  sub- 
system composed  of  the  receiver  and  the  high 
power  transmitter,  for  handling  either  TV 
transmission  or  for  handling  two-way  voice 
or  telegraphy  transmission. 

Figure  12-5  shows  a system  operational 
block  diagram  illustrating  the  complete  one- 
for-one  redundancy  on  a subsystem  basis. 

Other  redundancy  aspects  are  in  evidence 
in  the  wideband  receiver.  An  IF  switch  in 


Figure  12-5. — Wideband  repeater,  block  diagram. 

the  receiver  allows  the  unit  to  process  either 
the  one-way  TV  transmission  or  two-way 
voice.  The  two  receivers  provide,  from  the 
IF  switch  to  the  adder  circuit,  additional 
reduced  modes  of  operation.  The  probability 
of  having  at  least  one-way  TV  or  two-way 
voice  transmission  is  associated  with  having 
one-out-of-four  of  these  circuits  working, 
plus  the  remaining  portions  of  the  receiver 
as  series  elements.  The  possibility  of  having 
both  one-way  TV  and  two-way  voice  trans- 
mission becomes  one-out-of-two  for  each  type 
of  circuit,  plus  the  remaining  portions  of  the 
receiver  as  series  elements. 

Command  Control  Circuitry 

The  command  control  is  a complete  sub- 
system of  project  Relay  whose  function  is 
the  reception,  demodulation,  and  decoding 
of  command  signals.  The  subsystem  is  illus- 
trated in  the  block  diagram  shown  in  Figure 
12-6.  This  diagram  is  a complete  two-redun- 
dant  configuration  of  the  subsystem  utilized 
in  Relay  I.  The  redundancy  utilized  is  stand- 
by active.  Though  the  basic  reliability  gain 
is  less  than  that  with  standby  inactive,  the 
net  gain  is  greater,  since  the  standby  active 
negates  the  need  for  sensing  and  switching. 

This  subsystem  incorporates  redundant 
receive  and  demodulate  functions  and  redun- 
dant decode  functions.  Also,  each  of  the  ten 
decoded  outputs  is  channeled  through  a re- 
dundant pair  of  OR  gates.  In  order  to  elim- 
inate sensing  and  switching  functions  that 
are  generally  necessary  for  redundant  con- 
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Figure  12-6. — Command  control  system  block  dia- 
gram. 

figuration,  an  antenna  coupler  has  been  util- 
ized to  isolate  the  inputs  from  each  other, 
yet  allows  each  receiver  to  be  independently 
operable  from  a common  antenna.  The  de- 
modulated receiver  outputs  are  fed  through 
appropriate  isolation  to  both  decoders  re- 
sulting in  a both-either-or  redundancy. 
Similarly,  the  decoded  outputs  are  also  both- 
either-or  through  paired  OR-gates.  With  this 
arrangement,  all  functions  operate  simul- 
taneously, and  no  requirement  exists  for 
sensing  or  switching.  A failure  along  one 
channel  is  not  reflected  in  other  parts  of  the 
system  because  of  the  unidirectional  char- 
acteristics of  signal  flow  as  determined  by 
various  forms  of  isolation. 

Outputs  from  the  two  decoders  are  fed  to 
the  command  control  box  for  performing 
command  functions.  The  most  critical  cir- 
cuits in  the  control  box  are  the  two  voltage 
regulators  which  are  common  to  each  control 
channel.  A failure  in  either  of  these  can  cause 
the  complete  loss  of  spacecraft  control. 
Therefore,  complete  parallel  redundant  reg- 
ulators have  been  provided  as  illustrated  in 
Figure  12-7.  Review  of  the  circuit  illustrates 
that  combinations  of  particular  failure  modes 
are  necessary  to  cause  the  regulator  voltage 
to  exceed  its  useful  range.  It  will  be  noted 
that  the  most  critical  failure  mode  in  the 
regulator  is  the  open  circuit.  Should  a com- 
ponent part  open  in  each  regulator  circuit, 
this  would  cause  the  loss  of  the  output  volt- 
age. However,  the  open  circuit  failure  is 


Figure  12-7. — Redundant  regulator  control  box. 

usually  a result  of  overload  stress  conditions 
that,  in  turn,  occur  as  the  result  of  defects 
in  preceding  series  elements.  Overload  con- 
ditions, however,  have  been  prevented  by 
careful  selection  of  component  parts  and  by 
monitoring  parts  application. 

Telemetry  Circuitry 

The  telemetry  subsystem  includes  the  te- 
lemetry data  encoder,  the  horizon  scanner 
and  two  telemetry  transmitters.  One  of  the 
transmitters  has  been  utilized  all  the  time 
as  a tracking  beacon,  the  other  to  transmit 
either  the  encoder  or  the  horizon  scanner 
data.  This  set  of  transmitters  was  considered 
a redundant  configuration,  since  if  one  trans- 
mitter survives,  the  data  and  tracking  func- 
tion can  be  time-shared.  Time-sharing  can 
be  implemented  from  ground  at  the  discre- 
tion of  operating  personnel. 

Reliability  Analysis 

To  determine  the  value  of  redundancy  and 
to  provide  a measure  of  the  inherent  relia- 
bility of  the  spacecraft,  a reliability  analysis 
was  performed.  The  reliability  analysis  was 
based  primarily  on  the  application  of  each 
part  under  the  specified  electrical  and  ther- 
mal conditions.  The  expected  failure  rates 
(A)  associated  with  each  equipment  were 
calculated,  along  with  the  associated  system 
survival  probability  (P,) . The  latter  was  the 
result  of  integrating  the  data  on  expected 
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failure  rates  within  the  mathematical  reli- 
ability model. 

The  failure  rate  of  an  equipment  is  the 
sum  of  the  failure  rates  of  the  involved  com- 
ponents and  has  the  following  relationship 
to  the  unit’s  probability  of  survival  : 

P„  — e~A  t 

where  t — duration  of  operation  in  hours. 

The  mathematical  model  expresses,  in  con- 
cise language,  the  complex  interplay  between 
various  equipment,  based  on  the  assumption 
that  chance  failure  of  any  element  is  not 
related  to  the  chance  failure  of  any  other 
element.  This  relationship  is  based  on  appli- 
cation of  the  general  rule  of  multiplication 
for  the  probability  of  jointly  independent 
events  to  the  probability  of  successful  oper- 
ation of  all  equipment.  When  elements  are 
made  redundant,  the  reliability  expression 
follows  the  binomial  expansion.  For  1 out 
of  n redundant  functions  operating,  the 
survival  probability  is  given  by  : 

Ps  = 1-(1  -Ps)« 

Reliability  Predictions 

Two  separate  models  and  a composite  of 
the  two  were  developed  to  determine  the 
reliability  of  three  modes  of  transmission. 

The  results,  of  the  parts  program  and  the 
system  reliability  analysis,  improved  the  in- 
herent reliability  of  the  complete  communi- 
cation system  to  0.951,  the  wideband  TV  and 
narrow-band  transmission  subsystem  to 

0.992,  and  the  telemetry  transmission  sub- 
system to  0.959.  These  values  represented 
gains  of  1.5,  11.7,  and  2.76,  respectively,  over 
the  non-redundant  counterpart.  Table  12-3 
is  a tabulation  of  both  the  non-redundant 
and  redundant  areas  to  illustrate  the  relia- 
bility gain. 

DESIGN,  CONSTRUCTION,  AND  TEST 
General 

The  high  reliability  parts  list,  derating 
policy,  and  redundancy  requirements  were 
integrated  into  the  design.  A technical  ad- 
visory staff,  consisting  of  qualified  specialists 


Table  12-3. — Summary  of  Results  of  Reliability 

Analysis 


Circuit 

Non-redundant 

Redundant 

System  power  supply.  _ 

0.9814 

0.9961 

Solar  panels 

0.9997 

0.9997 

Voltage  limiter 

0.9972 

0.9972 

Battery  charge  & control  circuit 

0.9854 

0.9993 

Series  diodes  to  unregulated  bus 

0.9991 

0.9991 

Command  circuitry ....  _ 

0.9525 

0.9978 

Command  receiver  and  demod.__ 

0.980 

0.9996 

Coupling  circuit  _ _ 

0.9994 

Decoder. . . 

0.972 

0.9992 

Telemetry  circuitry 

0.9375 

0.9570 

Encoder 

0.9716 

0.9716 

Horizon  scanner  & SCO . _ _ 

0.9874 

0.9874 

Modulator-encoder  switching.  „ 

0.9957 

0.9957 

Telemetry  transmitter.  

0.9806 

0.9806 

Wide-band  transponder 

0.9912 

0.9996 

Regulator 

0.9985 

On-command 

0.9998 

Receiver 

0.995 

TV-phone  switch _ 

0.9999 

2 minute  timer __  

0.9996 

Transmitter 

0.9987 

TV-phone  drive..  

0.9998 

Off-command 

0.9999 

Communications  system .... 

0.9266 

0.951 

who  were  not  connected  with  the  design 
effort,  reviewed  all  designs;  skilled  tech- 
nicians, in  clean-room  areas  fabricated  equip- 
ment under  the  close  monitorship  of  quality 
control  inspectors;  and  elaborate  qualifica- 
tion and  acceptance  tests  were  conducted  to 
demonstrate  the  ability  of  the  spacecraft  to 
deliver  the  required  performance. 

Malfunction  Reporting  and  Analysis 

In  order  to  provide  an  effective  program 
for  continued  reliability  control  throughout 
the  spacecraft  development,  all  malfunctions, 
including  failures  and  adjustments  necessary 
to  maintain  performance,  were  closely  mon- 
itored and  reported.  All  malfunctions  were 
analyzed,  categorized,  and  corrective  action 
was  instituted. 

The  purpose  of  malfunction  data  collection 
and  analysis  was  twofold : 

1.  To  determine  whether  the  final  product 
actually  possessed  the  reliability  designed 
into  the  circuit. 

2.  To  indicate  and  eliminate  problems 
arising  from  design,  system  integration,  and 
testing. 
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Orbital  Malfunction 

Despite  the  careful  attention  given  to  all 
details  of  spacecraft  design,  production,  and 
test,  one  failure  mode  eluded  detection  and 
did  not  appear  until  Relay  was  in  orbit. 
This  was  the  inability  to  turn  off  one  of  the 
high  power  regulators  and  its  associated 
wideband  repeater.  Rapid  analysis  indicated 
that  excessive  reverse  leakage  current  in  the 
high  power  regulator  series  pass  transistors 
was  keeping  the  regulator  on,  although  it 
was  commanded  off.  Additional  analysis  and 
background  investigation  led  us  to  suspect 
a dew  point  problem. 

Dew  Point 

The  reverse  current  of  a transistor  theo- 
retically should  decrease  with  decreasing 
junction  temperature,  over  the  temperature 
range  of  the  device.  Actually,  in  most  tran- 
sistors as  the  temperature  decreases  from 
room  temperature  to  — 65°C  the  reverse  cur- 
rent goes  through  a maximum  value  between 
room  temperature  and  — 65°C.  The  temper- 
ature at  which  this  maximum  value  of  re- 
verse occurs  is  called  the  transistor’s  dew 
point  temperature.  Physically,  it  is  a result 
of  moisture  (in  the  sealed  atmosphere  of  a 
transistor)  saturating  the  atmosphere  and 
precipitating  on  the  active  surface  of  the 
device  at  this  temperature.  The  moisture 
interacts  with  any  contaminant  on  the  sur- 
face of  the  transistor  and  thereby  increases 
the  leakage  component  of  the  reverse  cur- 
rent. 

Verification 

Based  on  the  above  analyses,  a series  of 
tests  was  organized  with  the  following  spe- 
cific objectives: 

1.  Determine  the  magnitude  of  the  dew 
point  currents  and  the  dew  point  tempera- 
tures for  sample  lots  of  each  of  the  power 
transistor  types  used  in  the  regulators. 

2.  Obtain  a measure  of  how  the  leakage 
values  of  the  transistors  used  in  the  satellite 
compare  with  those  of  competing  vendors. 

3.  Determine  the  effects  of  high  dew-point 
current  on  the  operation  of  the  regulators. 


The  Icbo  breakpoint  between  good  regu- 
lator operation  and  poor  operation  at  0 to 
— 30  °C  temperature  was  found  to  be  1 ma. 
That  is,  for  dew  point  currents  of  less  than 
1 ma,  the  regulator,  in  most  cases,  would 
turn  off  properly. 

Power  transistors  were  tested  from  three 
vendors  for  the  presence  of  significant  dew 
point  effects  between  0 and  — 65°C  with  the 
results  shown  in  Table  12-4 : 


Table  12-4. — Transistor  Dew  Point  Frequency 


Vendor 

No.  of 
transistors 
tested 

No.  exhibiting 
dew  points 

Percent 

295 

170 

57.0 

m 

43 

2 

4.7 

200 

7 

3.5 

The  sample  lot  of  transistors  identical  in 
type  (and  vendor)  to  that  used  as  the  pass 
transistor  in  the  high  power  regulator  had  a 
61  percent  occurrence  of  dew  point  effects, 
and  40  percent  of  these  dew  point  units  had 
a high  enough  leakage  current  to  prevent 
regulator  turn  off. 

Once  the  problem  was  understood,  its 
solution  was  apparent:  regulator  turn-off 
would  occur  at  a time  when  the  temperature 
moved  away  from  the  dew  point  region.  The 
redundant  regulator  was  used  to  complete 
the  mission,  once  the  faulty  regulator  turned 
off. 

Epilogue 

In  view  of  the  above  conditions,  it  was 
apparent  that  dew  point  criteria  and  leakage 
tests  had  to  be  included  in  all  future  power 
transistor  procurement  specifications,  and 
equipment  had  to  be  tested  throughout  the 
temperature  range,  rather  than  at  specific 
maximum,  minimum,  and  typical  tempera- 
tures. 

QUALITY  CONTROL 
General 

The  function  of  the  quality  control  effort 
on  Project  Relay  was  to  ensure  the  mainte- 


270 


RELAY  I— PART  I 


nance  of  design  reliability  throughout  fabri- 
cation, testing,  and  pre-launch  activities.  To 
accomplish  this,  the  quality  control  organiza- 
tion was  divided  into  two  functional  groups  : 
material  quality  control  and  product  quality 
control.  MQC  (Material  Quality  Control) 
had  cognizance  over  all  purchased  material, 
preconditioning,  and  vendor  quality  control 
activities.  The  PQC  (Product  Quality  Con- 
trol) was  charged  with  responsibility  for  all 
fabrication  and  all  activities  until  spacecraft 
launching. 


Vendor  Control 

As  each  vendor  was  selected,  a detailed 
quality  control  survey  was  performed  by 
MQC  personnel.  Conformance  to  MIL-Q- 
9858  was  used  as  a minimum  standard  for 
all  vendors.  When  vendors  were  found  to  be 
weak  in  certain  areas,  repeat  visits  were 
made  until  the  situation  improved. 

The  nature  of  the  Ni-Cd  battery  manufac- 
ture necessitated  placement  of  a full-time, 
resident,  field  quality  control  representative 
for  the  duration  of  the  procurement. 

The  solar  cell  procurement  was  also  crit- 
ical. Detailed  flow  charts  were  prepared  for 
every  stage  of  panel  fabrication.  The  solar- 
panel,  in-process,  manufacturing  flow-chart 
is  shown  in  Figure  12-8. 

Because  of  the  encoder  complexity  (over 
5000  separate  electronic  parts  and  extreme 
packing  density)  special  quality  control  ef- 
forts were  made  by  placing  a full-time  prod- 
uct assurance  representative  in  residence  at 
the  vendor’s  plant. 

Preconditioning 

All  parts  were  preconditioned  by  Pur- 
chased Material  Inspection  in  accordance 
with  the  reliability  requirements  for  Project 
Relay.  These  parts  were  individually  identi- 
fied in  such  a way  as  to  indicate  to  both 
Engineering  and  Manufacturing  that  they 
were  suitable  for  use.  If,  at  any  point  in  the 
fabrication  process,  the  part  identification 
was  missing,  a part  history  inventory  file  was 
consulted,  which  resulted  in  proper  part 
identification. 


RCA  - GLOUCESTER 

PURCHASE  MATERIAL  INSPECTION  - 100%  INSPECTION 
HOFFMAN  ELECTRONICS 
PURCHASE  MATERIAL  INSPECTION 
ELECTRICAL  TEST 

BRACKET  AND  TERMINAL  BOARD  BONDING 
DRILL  HOLES  IN  PANELS,  MOUNT  RESISTORS 
BOND  RESISTORS  TO  PANELS 

PRODUCTION  INSPECTION 

QUALITY  CONTROL 
WIRE  PANELS 

PRODUCTION  INSPECTION 
QUALITY  CONTROL 

ELECTRICAL  TEST  - QUALITY  CONTROL  SURVEILLANCE 
BOND  WIRES  & ADD  NYLON  ZIPPERS 
PRODUCTION  INSPECTION 
QUALITY  CONTROL  - FINAL 
SYSTEM  INTEGRATION 


Figure  12-8. — Solar  panel  in-process  manufacturing 
flow  chart. 


Product  Quality  Control 

A key  tool  used  by  the  product  quality 
control  group  was  the  flow  process  chart. 
A typical  black-box  chart  is  shown  in  Figure 
12-9.  This  chart  indicates  the  inspection 
stations  and  the  specific  inspections  during 
assembly,  integration,  and  test.  Standards 
were  developed  to  ensure  the  application  of 
highest  levels  of  workmanship,  commensu- 
rate with  the  fabrication  of  Military  and 
Space  equipment.  These  standards  were  com- 
patible with  the  requirements  of  Project 
Relay. 

As  a general  rule,  every  unit  was  sub- 
jected to  an  inspection  after  the  completion 
of  each  operation  in  the  fabrication  process. 
The  basic  inspection  was  performed  by  pro- 
duction inspectors  and  rechecked  by  quality 
control  inspectors.  Periodic  audits  of  the 
competence  of  inspection  and  the  inspectors 
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Figure  12-9. — Voltage  regulator  in-process  manu- 
facturing flow  chart. 


were  conducted  by  another  group  within  the 
quality  control  organization. 

To  facilitate  auditing,  and  to  prevent  the 
inadvertent  omission  of  any  inspection,  a 
travel  tag  was  filled  out  and  accompanied 
each  unit.  All  subassemblies  had  travel  tags 
which  were  removed  and  integrated  with  the 
final  unit  tag.  Before  any  unit  was  moved 
to  the  next  operation,  the  travel  tag  had  to 
have  a quality  control  stamp  indicating  its 
acceptance  at  this  point  in  the  process. 

The  product  quality  control  group  per- 
formed a vital  function  in  monitoring  tests, 
All  formal  acceptance  testing,  from  compo- 
nent level  to  spacecraft  prelaunch  tests,  were 
witnessed : to  ensure  that  the  prescribed  test 
procedure  was  followed;  to  verify  that  all 
anomalies  connected  with  the  performance 
were  recorded  in  the  log  books  and  subse- 
quently corrected;  and  to  see  that  the  per- 
formance characteristics  noted  during  tests 
were  within  the  specification  limits. 


Manufacturing  Environment  and  Handling 

To  obtain  the  highest  level  of  quality  on 
the  spacecraft,  controlled  manufacturing  en- 
vironments were  employed.  All  operators 
were  required  to  wear  smocks,  and  airlocks 
were  used  to  control  entrances  to  the  integra- 
tion area.  All  work  performed  on  the  space- 
craft was  monitored  by  a product  quality 
control  representative. 

Prior  to  moving  the  spacecraft  to  any 
environmental  test  area,  a detailed  handling 
procedure  was  written  and  had  to  be  ap- 
proved by  the  quality  control  and  project 
office  personnel.  At  least  one  dry  run  was 
made  prior  to  any  actual  movement  of  the 
spacecraft. 


Log  Books 

The  use  of  the  log  books  proved  to  be  of 
great  value  in  ensuring  that  highest  levels 
of  reliability  were  obtained  in  the  equipment. 
The  books  were  of  inestimable  value  in  de- 
sign reviews. 

A serialized  log  book  was  prepared  for 
each  black  box,  subsystem,  and  system.  The 
primary  responsibility  for  maintaining  the 
log  book  was  that  of  the  engineer.  These 
books  were  periodically  reviewed  by  super- 
visors, by  reliability,  and  product  assurance 
personnel. 

All  assembly  information,  test  results, 
and  any  other  anomalies  were  entered  in  the 
log  book.  Simply  stated,  the  log  book  was  a 
chronological  history  of  the  unit  through  all 
of  its  experience  from  inception;  time  and 
effort  spent  in  compiling  these  records  were 
well  spent. 

Authors.  This  chapter  was  written  by 
H.  F.  Wuerffel,  R.  A.  Smith,  L.  Gomberg, 
and  D.  F.  Metz  of  the  Radio  Corporation 
of  America,  Princeton,  New  Jersey,  U.S.A. 
under  contract  NAS  5-1272  with  NASA/ 
Goddard  Space  Flight  Center. 


PART  II 


Chapter  1 


The  Relay  Experiment  Plan 


INTRODUCTION 

The  success  of  Project  Relay  required  that 
the  participation  of  a large  number  of  earth 
stations  be  closely  coordinated.  This  dictated 
an  experiment  plan  which  would  reflect  the 
experimental  capabilities  of  all  the  stations 
and  facilitate  the  scheduling  of  experiments 
to  be  conducted  by  the  various  stations  on 
each  pass.  This  was  of  particular  importance 
during  the  initial  few  weeks  after  launch,  in 
light  of  the  uncertain  lifetime  of  the  satellite 
and  the  need  to  collect  as  much  data  as  pos- 
sible. The  unique  characteristics  of  a satellite 
relay  further  imposed  rather  stringent  re- 
quirements on  the  experimental  methods. 
Short  visibility  periods  (in  the  order  of  30 
minutes)  required  that  the  ground  stations 
be  capable  of  high  data-gathering  rates  and 
provide  means  to  permanently  record  data 
for  subsequent  analysis.  Time  variation  of 
many  of  the  other  parameters  such  as  range, 
spacecraft  antenna  gain  (look  angle) , ground 
antenna  elevation  angle,  antenna  pointing 
error,  and  Doppler  shift  also  made  it  neces- 
sary for  data  to  be  taken  in  very  rapid  se- 
quence. 

To  aid  in  the  preparation  of  such  a plan, 
each  of  the  participating  stations  was  asked 
to  submit  a detailed  experiment  plan  includ- 
ing test  equipment,  procedures,  and  test 
points,  concerning  those  tests  in  which  that 
particular  station  would  participate.  These 
detailed  plans  were  necessary  to  determine 
the  compatibility  of  the  various  stations 


with  one  another,  with  respect  to  levels,  test 
signals,  standards,  etc.  This  information  was 
presented  in  the  Relay  Experiment  Plan  in 
an  abbreviated  form,  giving  the  general  pur- 
pose and  description  of  the  individual  ex- 
periments, and  the  test  procedures  for  each 
of  the  stations.  It  was  not  the  intent  of  the 
Experiment  Plan  to  give  step  by  step  detailed 
operating  test  procedures,  but  only  to  present 
those  pertinent  test  features  which  would 
affect  operation  with  other  stations  or  the 
analysis  of  the  resulting  data. 

Test  and  ground  stations  which  participate 
in  communication  experiments  are  listed  in 
Table  1-1  along  with  their  location.  The 
Relay  test  stations,  although  principally  in- 
volved with  checking  and  monitoring  the 
spacecraft  performance  telemetry  and  testing 
of  the  wideband  communication  system,  also 
have  limited  communication  experiment 
capability. 

As  new  stations  became  operational,  the 
experiment  plan  was  revised  to  include  the 
capability  of  these  stations.  Suggested  new 
experiments  and  revisions  of  the  original 
experiments  were  also  incorporated  in  the 
plan  in  the  course  of  its  use. 

Table  1-2  summarizes  the  basic  participa- 
tion and  frequency  capability  as  to  narrow- 
band  and  wideband  modes  for  each  of  the 
stations. 

FORMAT 

The  communications  experiments  have  been 
divided  into  three  classifications:  wideband 
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Table  1-1. — Stations  Participating  in  Relay 
Experiments, . 


Station 

Location 

Test 

Nutley,  New  Jersey,  USA 

40.816°  North  Latitude 

*Mojave,  California,  USA 

74.167°  West  Longitude 
35°  17'  48"  North  Latitude 

Ground 

Andover,  Maine,  USA 

116°  53'  57"  West  Longitude 
44°  37'  55"  North  Latitude 

Fucino,  Italy 

70°  41'  54"  West  Longitude 
41°  58'  North  Latitude 

Goonhilly,  England  _ 

13°  36'  East  Longitude 
50°  2'  58"  North  Latitude 

Pleumeur-Boudou,  France 

5°  10'  29"  West  Longitude 
48°  47'  13"  North  Latitude 

Rio  de  Janeiro,  Brazil 

3°  31'  30"  West  Longitude 
22°  57'  9"  South  Latitude 

*Raisting,  Germany  _ 

43°  22'  7"  West  Longitude 
47°  54'  15"  North  Latitude 

*Ibaraki  Prefecture,  Japan- 

11°  6'  34"  East  Longitude 
36°  41'  40"  North  Latitude 

*Kashima-machi,  Japan - 

140°  41'  43"  East  Longitude 
35°  57'  10"  North  Latitude 

140°  39'  58"  East  Longitude 

^Indicates  stations  which  have  been  added  since  the  initial  launch 
of  Relay. 


performance  experiments,  narrowband  per- 
formance experiments,  and  system  demon- 
stration experiments.  These  categories  make 
up  all  of  the  regularly  planned  communica- 
tion experiments  performed  by  the  Relay 
test  and  ground  stations  with  the  spacecraft 
in  either  the  wideband  or  narrowband  mode. 
Tests  may  be  performed  in  both  a loop  and 
straightaway  configuration.  That  is,  loop  if 
the  station  transmits  to  the  satellite  and  re- 
ceives the  same  transponded  signal  from  the 
satellite ; and  straightaway  if  the  test  is  made 
between  two  stations.  Straightaway  tests  may 
be  either  one-way  or  two-way.  Table  1-3 
lists  the  communication  experiments  as  they 
appear  in  the  Relay  Experiment  Plan.  Wher- 
ever possible  the  recommendations  of  CCIR 
have  been  followed  in  keeping  with  the  in- 
ternational character  of  Project  Relay.* 

Performance  Experiments 

System  performance  experiments— wide- 
band and  narrowband  — are  intended  as 
objective  tests  to  obtain  quantitative  and  sta- 
tistical data  on  the  electrical  parameters  of 
the  system  by  analyzing  the  response  to  care- 
fully controlled  excitations.  From  these  data 


we  may  determine  : 

1.  Compatibility  of  the  selected  communi- 
cations  system  configuration  with  the  require- 
ments imposed  on  the  system  by  performance 
criteria,  in  an  operational  environment. 

2.  The  characteristics  of  observed  per- 
formance degradation  during  the  communica- 
tions lifetime  of  the  satellite  with  particular 
emphasis  on  applying  failure  mode  informa- 
tion to  future  designs. 

3.  The  effects  of  the  unique  environment 
imposed  by  an  orbital  system  (i.e.,  Doppler 
shift,  acceleration  effects,  etc.)  on  the  elec- 
trical parameters  normally  used  to  define  the 
performance  limits  of  a quality  wideband 
microwave  relay  system. 

4.  System  design  parameters  to  be  recom- 
mended for  future  satellite  relay  programs. 

Performance  data  are  primarily  intended 
to  confirm  a system  capability  for  quality 
monochrome  television  and  frequency  divi- 
sion multiplex  (FDM)  telephony.  Informa- 
tion has  been  accumulated  in  the  areas  of 
insertion  gain  and  gain  stability,  phase  char- 
acteristics, distortion,  intermodulation,  inter- 
ference, and  noise. 

In  order  to  establish  system  performance 
in  these  areas,  a substantial  number  of  tests 
is  required.  In  addition,  data  from  many  of 
the  experiments  must  be  correlated  with  re- 
ceived signal  strength,  spacecraft  wideband 
subsystem  performance  telemetry,  spacecraft 
attitude,  ground  antenna  elevation  angle, 
ground  station  performance  parameters, 
weather  conditions,  etc. 

Data  concerning  baseband  Doppler  shift, 
absolute  delay  and  tracking  were  also  ob- 
tained. While  a large  number  of  tests  is  not 
required  to  establish  these  parameters,  they 
are  of  utmost  importance  to  the  performance 
of  the  system. 

System  Demonstration  Tests 

The  system  demonstration  experiments  em- 
phasize quality  television  and  telephony,  but 

* Consultative  Committee  on  International  Radio 
(CCIR,  Documents  of  the  IXth  Plenary  Assembly, 
Los  Angeles,  1959,  Vol.  I,  Recommendations),  pub- 
lished by  the  international  Telecommunication 
Union,  Geneva,  1960. 
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Table  1-2. — Summary  of  Participating  Station  Capabilities 


Multiplex 

One 

-way 

Wideband  | 

Narrowband  j 

(two-way) 

noise  loading 

Station 

Transmit 

(Me) 

Receive 

(Me) 

Transmit 

(Me) 

Receive 

(Me) 

(12-60  kc) 

(60-108  kc) 

Channel 

Channel 

Andover,  Maine  

1725 

4169.72 

1723.33 

4164.72 

X 

X 

X 

X 

1726.66 

4174.72 

Fucino,  Italy _ 

4169.72 

4164.72 

X 

X 

4174.72 

Goonhilly  Downs, 

1725 

4169.72 

1723.33 

4164.72 

X 

X 

X 

X 

England. 

1726.66 

4174.72 

Nutley,  N.J. 
(Ground  Station). 

1723.33 

4164.72 

X 

X 

i 

1726.66 

4174.72 

Pleumeur-Bodou, 

1725 

4164.72 

1723.33 

41.6472 

X 

X 

X 

X 

France. 

*Raisting,  Germany 
(COMGEA). 

1726.66 

4174.72 

X 

X 

1 

! 

X 

X 

i 

Raisting,  Germany 
(COMGEB). 

1726.66 

4164.72 

X 

X 

4174.72 

Mojave,  Calif. 

1725 

4169.72 

*1723.33 

*4164.72 

*x 

*x 

(Test  Station). 

*1726.66 

*4174.72 

Rio  de  Janeiro,  Brazil. 

1726.66 

4164.72 

X 

4174.72 

I 

Ibaraki  Prefecture, 

4169.72 

*4164.72 

X 

! 

X 

X 

Japan. 

*4174.72 

*Kashima-Machi, 

1725 

4169.72 

1723.33 

4164.72 

X 

X 

X j 

X 

Japan. 

Nutley,  N.J. 
(Test  Station). 

1725 

4169.72 

1726.66 

4174.72 

j 

, j 

*Future  Capabilities 


Table  1-3  —Communication  Experiments 


100  Series — -Wideband  Performance  Experiments 
110  Received  carrier  power 

111  Received  carrier  power — norm  al 

112  Received  carrier  power— special 
120  Insertion  gain  stability 

121  Audio 

122  Composite  video 

1 23  Selective  fading 
130  Noise  measurements 

131  Continuous  random  noise — video 

132  Continuous  random  noise— audio 

133  Impulsive  noise— video 

134  Impulsive  noise— audio 

135  Periodic  noise— video 

136  Periodic  noise — audio 

137  Baseband  noise  spectrum 

138  Satellite  noise 

139  IF  noise  and  interference 
140  Linear  distortion 

141  Field-time  distortion 

142  Line-time  distortion 

143  Short-time  distortion  (“2T”  and  “T”  sine-squared 

pulses) 

144  Amplitude-frequency  characteristic — -baseband 

145  Phase-frequency  characteristic— baseband 

146  Amplitude-frequency  characteristic— RF 

147  Amplitude-frequency  characteristic — audio 


150  Nonlinear  distortion 

151  Line-time  non-linearity  (differential  gain) 

152  Envelope  delay  distortion  (differential  time  delay) 

153  Synchronization  non-linearity 

154  Audio  distortion 

155  Intermodulation — harmonic 

1 56  Intermodulation— noise  loading 

157  Intermodulation — -video  to  audio 
160  Interference 

170  Special  transmission  tests 

171  Baseband  doppler  shift 

172  Absolute  delay 

173  Tracking 

180  Television  test  patterns 

181  Monochrome 

182  Color 

200  Series — -Narrowband  Performance  Experiments 
200  Received  carrier  power 

211  Received  carrier  power — -normal 
220  Insertion  gain  stability 
221  Selective  fading 
230  Noise  measurements 

231  Continuous  random  noise 

232  Impulsive  noise 

233  Periodic  noise 

234  Satellite  noise 
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Table  1-3.- — Communication  Experiments 
(Continued) 


240  Linear  distortion 

241  Amplitude-frequency  characteristic— baseband 

242  Phase-frequency  characteristic— baseband 
250  Nonlinear  distortion 

251  Envelope  delay  distortion  (differential  time  delay) 

252  Intermodulation — harmonic 

253  Intermodulation— noise  loading 

254  Intelligible  crosstalk 
260  Interference 

270  Special  transmission  tests 

271  Baseband  doppler  shift 

272  Absolute  delay 

273  Tracking 

274  Clock  pulse  synchronization 

275  Multiple  loop 

300  Series — System  Demonstration  Experiments 
310  Television 

311  Monochrome 

312  Color 

313  Narrowband 
320  Telephony 

321  One-way  telephony 

322  Two-way  telephony 
330  Digital  data  transmission 

331  High  data  rates 

332  Medium  data  rates 
340  Program  material 

341  Music 

350  Comparison  of  relay  and  other  communication  channels 

351  Teletype  transmission 

352  Facsimile  transmission 

353  High-rate  teletype  transmission 
360  Multiple  satellite  tests 

also  include  a variety  of  other  data  forms 
such  as  high  bit  rate  digital  data,  facsimile, 
and  multichannel  teleprinter  transmissions. 
Several  of  these  experiments  have  been  used 
for  public  demonstrations  of  satellite  com- 
munications. The  intent  of  these  experiments 
is  to  demonstrate  both  a system  transmission 
capability  for  a variety  of  signals,  and  pro- 
vide: 

1.  A measure  of  the  link  quality  for  mono- 
chrome television  by  investigating  a number 
of  picture  characteristics  including  resolu- 
tion, synch  compression,  streaking,  smearing, 
set  up,  ringing,  echo,  interference,  etc. 

2.  Teletype  error  rates  for  a number  of 
channels  distributed  throughout  the  available 
baseband. 

3.  An  evalution  of  telephony  quality  for 
channels  distributed  over  the  baseband  with 
particular  emphasis  on  crosstalk,  distortion, 
time  delay  effects  and  signal-to-noise  ratio. 

4.  Determination  of  bit  error  rate  for  digi- 
tal FSK  at  a variety  of  signaling  rates. 

5.  An  evaluation  of  facsimile  transmission 


at  medium  rates  checking  definition  ; skew 
and  slippage. 

6.  A comparative  performance  analysis  for 
telephone  and  voice  transmission  using  data 
available  from  other  channels  including  land 
lines,  submarine  cables,  high  frequency  radio 
and  scatter  systems. 

As  in  the  case  of  the  performance  experi- 
ments, these  data  must  also  be  correlated 
with  the  various  time- varying  parameters  of 
an  orbital  system. 

DESCRIPTION  OF  EXPERIMENTS 

In  this  section  we  give  brief  descriptions 
of  the  experiments  indicated  in  Table  1-3, 
However,  since  there  is  a good  deal  of  re- 
dundancy in  the  experiments  themselves,  e.g., 
narrowband  and  wideband,  it  is  more  con- 
venient to  discuss  them  in  terms  of  the 
broader  category  headings  rather  than  indi- 
vidually. More  detailed  descriptions  of  the 
individual  experiments  are  given  in  the  Relay 
Experiment  Plan.* 

Received  Carrier  Power  and  Insertion  Gain 

Received  carrier  power  is  of  fundamental 
importance  and  is  measured  by  all  participat- 
ing stations.  This  measurement  is  made  by 
monitoring  the  ground  receiver  AGC  signal 
and  comparing  with  a calibration  curve.  A 
typical  calibration  curve  (normalized  to  read 
received  carrier  power  directly)  is  shown  in 
Figure  1-1  along  with  the  actual  measured 
carrier  power  for  a particular  pass. 

Insertion  gain  measures  the  effective  gain 
of  the  entire  link.  A signal  of  known  level 
is  inserted  at  the  input  and  the  level  of  the 
received  signal  measured  at  the  output.  This 
test  establishes  a reference  level  and  checks 
compatibility  of  the  baseband  equipment  as 
to  signal  level  at  the  input  and  output.  Vari- 
ations of  the  insertion  gain  with  position  in 
the  baseband  and  with  time  are  also  meas- 
ured to  determine  selective  fading  and  long- 
term gain  drifts.  There  should  be  no  signi- 
ficant variations  with  these  parameters.  The 

*“Relay  Communication  Experiment  Plan,”  Rl- 
0521A,  prepared  for  Goddard  Space  Flight  Center, 
Greenbelt,  Maryland,  1 December  1963. 
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Figure  1-1. — Received  carrier  power  (Goonhilly). 


CCIR  recommendations  have  been  used  as 
performance  objectives  for  Relay.  These  are : 
Insertion  gain : 0 db  ± 1 db 
Short-period  (e.g.,  1 second)  variations: 
± 0.3  db 

Medium-period  (e.g.,  1 hour)  variations: 
± 1.0  db 


Noise  Measurements 

The  various  noise  measurements  are  de- 
signed to  determine  the  signal-to-noise  ratio 
for  each  mode  of  operation.  Measurements 
are  made  for  both  video  and  telephone  trans- 
mission. The  principal  measurement  in  both 
cases  is  of  continuous  random  noise,  periodic 
and  impulsive  noise  being  of  secondary  im- 
portance. In  general,  the  tests  are  made  in 
accordance  with  CCIR  recommendations. 

Two  main  characteristics  are  of  interest 
in  measuring  random  noise : the  amount  of 
noise  and  the  distribution  of  the  noise  over 
the  baseband  spectrum.  In  television,  noise 
is  more  objectionable  at  the  low-frequency 
end  of  the  band.  Weighting  networks  are 
commonly  used  to  account  for  this  effect  and 
make  the  measurements  correspond  more 
closely  with  the  resulting  picture  quality.  Fig- 
ure 1-2  shows  typical  weighting  curves  used 
in  the  measurement  of  noise  for  television. 
The  sharp  peak  in  the  curve  for  color  tele- 
vision is  at  the  color  subcarrier  frequency 
which  is  quite  critical.  This  weighting  factor 
is  such  that  the  unweighted  signal-to-noise 
ratio  in  db  is  equal  to  the  weighted  ratio  in 
db  minus  the  weighting  factor,  which  is  also 
given  in  db.  In  this  context,  signal-to-noise 
ratio  is  the  ratio  of  the  peak  signal  power  to 
the  RMS  noise  level.  Because  of  the  nature 


FREQUENCY  - kc 


Figure  1-2. — Random  noise  weighting  for 
monochrome  and  color  television. 


of  the  television  signal,  the  signal  level  is 
taken  from  peak  white  to  peak  black. 

The  CCIR  recommends  a signal-to-noise 
ratio  of  50  db,  weighted  in  accordance  with 
CCIR  weighting.  For  the  Relay  system,  the 
requirement  is  43  db  for  the  smaller  stations 
and  50  db  for  the  larger  stations.  The  weight- 
ing factor  applied  is  that  shown  in  Figure 
1-3  for  the  405-  and  525-  line  systems, 
namely  12.3  db.  Subtracting  the  weighting 
factor  from  the  43-db  requirement  for  the 
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Ml*  H)  = 75  r(ft  $);  C (pF)  = -^L-106 
INSERTION  LOSS  (db)  = 10  LOG  (1  + w2  r2) 


Number 
of  Lines 

fc(Mc/s) 

T(jis) 

f T 
c 

Theoretical  Weighting,  (db)  for: 
"White"  Noise  "Triangular"  Noise 

405 

3 

0.33 

1.0 

6.5 

12.3 

525 

4 

625 

5 

0.33 

1.66 

8.5 

16.3 

625 

6 

0.33 

2.0 

9.3 

17.8 

819 

5 

819 

10 

0. 166 

1.66 

8.5 

16.3 

Note:  fc  is  the  nominal  upper  video- frequency  limit  of  the  system  (Mc/s) 


Figure  1-3. — Continuous  random  noise  weighting 
networks. 
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smaller  Relay  stations,  we  obtain  an  un- 
weighted signal-to-noise  ratio  of  30.7  db  as 
that  required  for  an  acceptable  picture.  It 
should  be  stressed  again  at  this  point  that  the 
determination  of  what  is  an  acceptable  pic- 
ture is  an  empirical  one,  not  based  on  any 
theoretical  calculations.  It  is  the  result  of 
subjective  tests,  based  on  viewer  reactions. 
A study  was  made  at  STL  to  arrive  at  some 
sort  of  lower  limit  of  acceptability  : in  this 
study,  noise  was  added  to  the  picture  in  meas- 
ured quantities  to  simulate  a range  of  signal- 
to-noise  ratios.  It  was  found  that  in  the 
judgement  of  most  viewers,  a picture  quality 
corresponding  to  about  30  to  35  db  unweight- 
ed signal-to-noise  ratio  was  a rough  lower 
limit  of  acceptability. 

The  relation  of  video  signal-to-noise  ratio 
to  the  parameters  of  the  transmission  system 
is  given  by  the  equation 
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where 

F„_ p = The  peak-to-peak  deviation  of  the 

signal 

Fm  — The  maximum  frequency  of  the 
baseband  information 

N= 3 = The  multiplication  in  the  spacecraft 
<1>V  — The  received  noise  power  spectral 

density  in  the  spacecraft 
4>g  = The  received  noise  power  spectral 

density  at  the  ground 

S0  = The  received  signal  power  in  the 
spacecraft 

S0  = The  received  signal  power  at  the 
ground 

The  situation  for  telephony  is  slightly  dif- 
ferent. In  frequency-division  multiplex  tele- 
phony by  a frequency-modulated  carrier 
(FDM/FM)  as  in  Relay,  random  noise  is 
much  more  pronounced  in  the  higher  channels 
of  the  baseband.  It  is  the  objective  of  any 
such  system  to  achieve  equal  signal-to-noise 
performance  for  all  telephone  channels  across 
the  baseband.  To  illustrate  how  this  comes 
about,  consider  an  FM  receiver  which  is  to 
demodulate  an  FDM/FM  signal  consisting  of 


G,(t) 


G,ff) 


„ BASEBAND 
SIGNAL 


Figure  1-4.—' Typical  FM  receiver. 


numerous  telephone  channels.  Such  a system 
is  shown  in  Figure  1-4. 

The  continuous  random  noise  can  be  con- 
sidered to  originate  in  the  front  end  of  the 
receiver  and  to  have  a spectrum  which  is  flat, 
as  in  Figure  1-5.  <f>;  is  given  by  noise  tem- 
perature or  noise  figure  of  the  receiver. 

If  the  carrier-to-noise  ratio  is  sufficient  for 
the  receiver  to  operate  above  threshold,  then 
the  noise  spectral  density  is  (<f>/Sj)  f2  at  the 
output  of  the  discriminator  Go  (/) . This  has 
the  form  shown  in  Figure  1-6. 


Gjf) 

0 i 

BY 

0 fc 

IF  CARRIER 

Figure  1-5, — Noise  spectrum  in  FM  receiver. 


Figure  1-6. — Noise  spectral  density. 


An  examination  of  the  spectral  distribu- 
tion of  the  noise  at  the  discriminator  output 
reveals  that  the  thermal  noise  in  the  higher 
channels  of  the  baseband  is  considerably 
greater  than  in  the  lower  channels.  A speci- 
fication of  the  allowable  noise  power  under 
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these  circumstances  must  refer  to  the  top 
channel  where  the  noise  is  maximum.  In 
order  to  remedy  this,  pre-emphasis  can  be  ap- 
plied at  the  transmitter  followed  by  de-em- 
phasis in  the  receiver.  With  pre-emphasis, 
the  signal-to-noise  ratio  of  the  individual  tele- 
phone channels  should  be  approximately  the 
same  throughout.  The  actual  pre-emphasis 
characteristic  being  used  for  Relay  I (speci- 
fied by  CCIR)  is  shown  in  Figure  1-7. 


Figure  1-7. — CCIR  pre-emphasis  characteristics 
for  multiplex  telephony. 


A specification  on  allowable  thermal  noise 
power  has  been  made  for  the  system — for 
Relay  I.  It  is  either  7500  pw  or  50,000  pw 
psophometrically  weighted  at  zero  relative 
level,  depending  upon  the  quality  of  the 
ground  station  receiver.  A measurement  of 
the  actual  thermal  noise  is  a check  on  the 
system  parameters,  such  as  transmitter 
power  — both  ground  and  spacecraft  — fre- 
quency deviations,  and  bandwidth. 

In  the  measurement  of  thermal  noise  for 
Relay  I a 1-kc  tone  of  0 dbmO  (1  milliwatt 
at  zero  relative  level)  is  intermittently  ap- 
plied to  the  lowest  and  highest  channels.  At 
the  output  the  signal  and  noise  levels  are 
measured  with  a true  RMS  meter. 

The  purpose  of  the  tone  is  to  establish  the 
reference  level  at  the  output  for  determining 
the  noise  power  at  zero  relative  level.  All 


channels  are  checked  individually  to  deter- 
mine the  actual  frequency  distribution  of  the 
thermal  noise  throughout  the  baseband. 

The  technique  for  measuring  noise  is  nor- 
mally to  pass  it  through  a bandlimiting  filter 
which  passes  only  the  frequencies  of  interest, 
and  then  through  a weighting  network.  A 
power-reading  meter  is  then  used  to  measure 
the  RMS  value  of  the  noise.  Figure  1-3 
shows  the  CCIR  recommendation  for  a noise 
weighting  network.  Actually,  these  measure- 
ments are  made  both  with  and  without  CCIR 
pre  - emphasis  / de  - emphasis  and  weighting 
network.  This  is  necessary  to  establish  the 
shape  of  the  noise  spectrum  and  determine 
the  effect  of  these  techniques. 

Linear  Distortion 

Two  principal  methods  are  used  to  deter- 
mine the  linear  distortion  of  the  wideband 
signal.  The  first  method  employs  standard 
CCIR  video  test  signals*  in  order  to  test 
the  frequency  response  of  the  system  to  low, 
medium  and  high  baseband  frequencies. 
These  are  the  field-time,  line-time  and  short- 
time  distortion  experiments  respectively.  The 
second  method  consists  of  measuring  the 
steady  state  response  or  amplitude-frequency 
and  phase-frequency  characteristics  of  the 
system.  This  method  is  also  applicable  in 
the  narrowband  mode. 

Measurement  of  field -time  distortion  is 
made  by  transmitting  a square  wave  at  50 
or  60  cps  with  maximum  and  minimum  am- 
plitude corresponding  to  the  peak  white  and 
peak  black  levels;  line-synchronizing  pulses 
also  being  transmitted  at  the  same  time 
(CCIR  Test  Signal  No.  1).  The  received 
square  wave  is  observed  on  an  oscilloscope, 
and  the  amplitude  across  the  top  of  the  wave 
observed.  Maximum  and  minimum  ampli- 
tudes are  established  on  the  basis  of  qualita- 
tive evaluation  of  the  resulting  picture. 

Line-time  distortion  is  measured  using  a 
test  signal  consisting  of  a half -line  bar  with 

^Consultative  Committee  on  International  Radio 
(CCIR,  Documents  of  the  IXth  Plenary  Assembly, 
Los  Angeles,  1959,  Vol.  I,  Recommendations) , pub- 
lished by  the  International  Telecommunication 
Union,  Geneva,  1960. 
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sine-squared  transitions  (CCIR  Test  Signal 
No.  2).  For  short-time  measurements,  the 
test  waveform  has  a sine-squared  pulse  pre- 
ceding the  bar.  The  pulse  is  either  a “2T” 
pulse  (half -amplitude  duration  of  0.33  ^ sec) 
or  “T”  pulse  (half -amplitude  duration  of  0.17 
yusec) ; the  former  being  useful  for  evaluating 
amplitude  and  phase  distortion  in  the  0.5  to 
1.5  Me  region  and  the  latter  useful  up  to 
about  3.0  Me.  Distortions  of  the  bar  portion 
of  the  signal  indicate  response  deficiencies 
up  to  a few  hundred  kilocycles.  Ringing  fol- 
lowing the  abrupt  transitions  is  indicative  of 
phase  distortion.  The  received  signals  are 
generally  displayed  on  an  oscilloscope  and 
photographed  for  later  analysis. 

Amplitude -frequency  characteristics  are 
determined  either  by  inserting  discrete  tones, 
or  by  sweeping  a sinewave  across  the 
baseband  and  displaying  (or  measuring 
point- by- point)  the  received  signal.  The 
phase-frequency  characteristic  is  determined 
by  sweeping  a pair  of  frequencies  (with  fixed 
separation)  across  the  baseband  and  measur- 
ing the  phase  of  the  received  difference  sig- 
nal. A direct  measurement  of  the  modulation 
delay  of  a swept  subcarrier  may  also  be 
made,  since  delay  is  the  derivative  of  phase 
with  respect  to  frequency. 

Nonlinear  Distortion 

Nonlinear  distortion  measurements  evalu- 
ate the  departure  from  linearity  in  the  sys- 
tem and  the  attendant  signal  distortions.  In 
an  FM  system,  these  nonlinearities  can  arise 
in  the  baseband,  IF  and  RF  equipment.  Non- 
linearities  of  the  system  may  be  expressed 
as  a power  series  in  the  input  variable,  a 
percentage  of  harmonic  distortion,  or  as  a 
differential  gain.  One  type  of  test  signal 
used  for  these  measurements  consists  of  a 
low-frequency  stairstep,  ramp  or  sinusoid  of 
high  amplitude  with  a superimposed  high- 
frequency,  low-level  sine  wave.  The  high 
amplitude  signal  sweeps  over  the  range  of 
interest  (black-to-white  in  the  case  of  tele- 
vision) and  the  amplitude  and  phase  varia- 
tions of  the  high-frequency  signal  over  this 
range  are  a measure  of  the  differential  gain 


and  envelope  delay  respectively. 

Differential  gain  in  an  FM  system  is  pri- 
marily due  to  baseband  equipment.  If  the 
nonlinear  input-output  characteristic  is  rep- 
resented by  a power  series, 

v0  = Fj  -f  a,2  Vi2  -f-  dg  F«s  4"  . . • 
the  differential  gain  can  be  expressed  by 

D.G.  = 1 + 2-BZ-  V + 3-^2-  V2+  . . . 
ax  ax 

where  V is  the  amplitude  of  the  low-fre- 
quency sweep  component  of  the  input  test  sig- 
nal described  above.  This  expression  assumes 
the  system  is  basically  linear  and  neglects  the 
compression  and  higher  order  terms.  CCIR 
recommends  that  the  ratio  of  the  minimum 
to  maximum  values  of  differential  gain,  over 
the  range  of  interest,  be  greater  than  0.8. 

The  identical  type  of  signal  is  used  to 
measure  differential  time  delay  or  envelope 
delay.  Envelope  delay  is  proportional  to  the 
phase  shift  of  the  high-frequency  component 
and  it  is  this  phase  shift  which  is  actually 
measured.  This  may  be  seen  from  the  follow- 
ing simplified  derivation.  Figure  1-8  shows 
a typical  test  setup.  Consider  an  input  signal 
to  the  FM  deviator  of  the  form 

Vi(t)  — V (t)  + V COS  (oht 

where  V (t)  .—  low-frequency,  high  amplitude 
sweep  signal  and  v cos  <oht  — high-frequency, 
low-level  superimposed  signal.  The  output  of 
the  FM  modulator  is  then 

e{  (t)  = Ei  cos  [(D0t  + 6 ('£)"] 

where 

0 (t)  — kx  [V  (t)  -\-v  cos  (oht\  — (Oi 

At  the  output  of  the  transmission  link  the 
signal  is 

e0(t)  — E0  cos  [<i)ct  -f-  @{t)  -f-  (<t>i)] 

where  £(«;)  is  the  phase  shift  introduced  by 
the  link  due  to  the  phase-frequency  character- 
istic of  the  transmission  path.  The  output  of 
the  FM  demodulator  is  proportional  to  the 
derivative  of  the  incoming  phase  so  that 

&D  (t)  k%  [0(0  ft  ] 
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I 1 


Figure  1-8. — Test  setup  for  measurement  of  differential  phase  (envelope  delay) . 


Writing 

j8(oi)  = = 1r-^r  = 

at  at Oi  at  am 

and  substituting  in  the  above  expression,  the 
demodulator  output  becomes 

6i>  ( t ) — k\k2  £ V (f)-j-'ll  COS  iajit 

4-  V(t)-voyh^- sin  0>ht  ] 

d OJ  i do>i  J 

After  filtering  out  the  low-frequency  terms 

in  V(t)  and  V (t)  the  high-frequency  com- 
ponent of  the  demodulator  output  is 

e'D  = kik2  v [cos  <aht  — ^ sin  m,t] 

dm 

= A (wi)cos(w„t  + </>) 

where 

A(a>i)  = k\k2v  1 -f-  (<i>h ) J 


4>  = tan-1  A 

am 

Note  the  coefficient  A(«>i)  is  the  amplitude 
of  the  received  high  frequency  component 
and  the  variations  of  this  amplitude  with  fre- 
quency represent  the  differential  gain  men- 
tioned previously. 

<f>  is  seen  to  be  the  phase  shift  of  the  re- 
ceived high  frequency  component;  differen- 
tial phase  is  the  variation  of  this  phase 'shift, 
over  the  sweep  range  of  interest,  from  a 
constant  value.  Normally,  the  phase  shift  is 
small  and  tan  4>  can  be  replaced  by  <f>,  so  that 

tan  <f>zz  <j>  = JE 

d io  j 

dp /dm  is  variously  known  as  envelope  delay, 
group  delay  or  differential  time  delay  t.  This 
is  the  parameter  commonly  displayed. 

If  the  phase-frequency  characteristic  is  ex- 
pressed as  a power  series,  the  corresponding 
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equal  amplitude  sine  waves.  Consideration 
of  the  harmonic  and  cross-product  terms 
resulting  from  the  nonlinearity  a2Vi2  will 
result  in  the  triangular  spectrum  with  the 
highest  frequency  component  at  2B. 

The  third  term,  or  third  order  amplitude 
distortion,  produces  a similar  effect.  For  a 
single  tone  input,  V{  — k cos  tat 

vs  - a3Vis  S=  cos  3 *>t  + cos  U 

4 4 

For  a two  tone  input  to  the  cubic  law  non- 
linearity, Vi  — ki  cos  o>i t + fe2  cos  oi2t,  the  out- 
put contains  the  following  frequency  compo- 
nents 

G>1,  w2>  3<01,  3o>2>  2o>i  it  to 2,  2(02  — <01 


Phase  Nonlinearities 

Second  order  = b^m2;  (linear  delay) 
Third  order  ==  63<*h3;  (parabolic  delay) 
Sinusoidal  ==  C sin  (<*>*/ m0)  ; (ripple) 

Actual  measurement  of  the  intermodula- 
tion noise  is  done  by  means  of  a noise  loading 
test.  This  test  makes  use  of  the  fact  that  a 
large  number  of  telephone  channels  which 
are  frequency  division  multiplexed  can  be 
approximated  by  a white  noise  signal  having 
proper  frequency  limits  and  power  level.  The 
power  level  of  the  noise  signal  is  specified 
by  CCIR  for  equivalent  multichannel  loading 
as  indicated  below  where  Nc  is  the  number 
of  channels. 


With  a band  of  noise  as  the  input  to  the  third 
order  nonlinearity  the  output  is  as  shown  in 
Figure  1-9.  The  highest  frequency  compo- 
nent is  3B. 

Thus,  the  output  of  the  nonlinear  device 
consists  of  harmonics  and  cross-product 
terms  due  to  V/,  F*3,  etc.,  in  addition  to  the 
frequencies  present  at  the  input.  If  the  char- 
acteristic is  known  to  be  exactly  of  this  form 
and  the  coefficients  a2  and  a3  are  known,  the 
amount  of  distortion  (harmonic  content)  can 
be  predicted  by  inserting  a known  signal 
(single  tone,  pair  of  tones,  or  noise).  A 
specification  of  the  allowable  harmonic  con- 
tent in  turn  establishes  the  linearity  require- 
ment (a2  and  a3)  of  the  device. 

Once  the  signal  is  converted  to  FM,  we  are 
concerned  with  the  phase-frequency  charac- 
teristics of  the  transmission  path.  This  is 
the  principal  nonlinearity  of  an  FM  system. 
The  phase  variations  are  not  of  direct  con- 
cern themselves,  but  only  the  frequency  de- 
viations caused  by  them.  By  a similar 
procedure  the  effects  of  the  phase  nonlinear- 
ities are  obtained. 

The  important  system  nonlinearities  are 
listed  below.  Amplitude  nonlinearities  are 
mainly  due  to  baseband  equipment  and  phase 
nonlinearities  due  to  the  transmission  link. 
Baseband  Amplitude  Nonlinearities 

Second  order  ~ a2Vc 

Third  order  = a3V? 


Peq  = -1  + 4 log10(2Vc),  dbmO  12  < Nc  < 240 
Peq  = -15  + 10  log10(2Vc) , dbmO  240  < Nc 

CCIR  specifies  the  frequency  band  as  the  fre- 
quency limits  of  the  actual  channels. 

The  particular  channel  to  be  measured  is 
cleared  of  noise  at  the  input  and  the  noise 
present  at  the  output  of  this  cleared  channel 
is  measured.  Removal  of  the  noise  from  a 
specific  channel  does  not  appreciably  affect 
the  total  input  signal  since  there  are  a large 
number  of  channels  (at  least  12  for  Relay). 
Figure  1-10  shows  a typical  test  setup  for 
this  measurement.  Thus,  any  noise  present 
at  the  output  of  the  originally  cleared  channel 
is  due  to  harmonics  and  cross-products  of  the 
signals  (in  this  case  noise)  in  the  other  chan- 
nels. Thermal  or  random  noise  is  also  present 
of  course,  but  if  the  signal-to-noise  ratio  is 
high,  the  thermal  noise  can  be  neglected.  In 


MULTICHANNEL  CHANNEL 

BANDPASS  FILTER  STOP  FILTER 


IN  SPECIFIC  CHANNEL 


Figure  1-10. — Test  setup  for  intermodulation 
noise  measurements. 
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any  case,  the  amount  of  thermal  noise  can  be 
determined  by  measuring  the  noise  in  the 
channel  with  the  entire  input  signal  removed. 
This  thermal  noise  value  is  then  subtracted 
from  the  total  to  find  the  intermodulation 
noise.  The  Relay  objective  for  intermodula- 
tion noise  for  the  worst  channel  is  7500  pico- 
watts  psophometrically  weighted  at  zero  rel- 
ative level. 

Harmonic  distortion  is  measured  by  insert- 
ing two  tones  at  the  input  and  measuring  the 
resulting  modulation  products  at  the  output. 
These  measured  modulation  products  are  also 
used  to  predict  the  nonlinearities  of  the  sys- 
tem (e.g.,  linear  and  parabolic  delay)  and 
serve  as  correlation  tests  for  the  direct  meas- 
urements. 

Another  important  nonlinear  distortion  for 
telephony  is  the  measurement  of  intelligible 
crosstalk.  Intelligible  crosstalk  arises  in  the 
narrowband  mode  with  two-way  telephone 
transmission  where  signals  from  two  differ- 
ent ground  stations  are  simultaneously  re- 
ceived at  the  satellite,  separated  slightly  in 
frequency,  and  at  different  power  levels. 
Both  signals  pass  through  the  same  limiters 
and  amplifiers  and,  due  to  the  imperfect 
characteristics  of  these  devices,  interact  with 
each  other.  The  effect  of  this  interaction  is  to 
transfer  the  baseband  of  one  carrier  onto  the 
baseband  of  the  other  carrier  at  a low  level ; 
the  result  is  that  a listener  hears  another 
telephone  message  in  the  background. 

If  complementary  channel  operation  is 
used,  i.e.,  each  person  talks  and  listens  in  the 
same  channel,  an  echo  is  heard.  Since  this 
type  of  distortion  is  intelligible,  it  is  more 
disturbing  than  thermal  or  intermodulation 
noise.  Also,  it  is  found  that  an  echo  in  the 
background  is  less  annoying  than  another 
person’s  conversation  and  the  system  per- 
formance may  be  relaxed  if  complementary 
channel  operation  is  used. 

The  measurement  of  intelligible  crosstalk 
is  accomplished  by  modulating  one  of  the 
carriers  with  a tone  and  searching  the  base- 
band of  the  other  carrier  for  the  presence  of 
this  tone.  Desirable  performance  levels  for 
this  type  of  distortion  are  31  db  signal-to- 


crosstalk  ratio  for  an  echo  and  55  db  for  any 
other  talker. 

Special  Transmission  Tests 

These  tests  include  the  measurement  of 
Doppler  shift  at  baseband  and  absolute  delay 
between  the  transmitted  and  received  signal. 

Doppler  shift  is  determined  by  transmit- 
ting a highly  stable  single  tone  at  the  high 
end  of  the  base  band  (approximately  3 Me) 
and  measuring  the  received  frequency  with 
a counter.  A second  method  is  to  transmit 
a radio  tone  in  the  highest  telephone  channel 
and  measure  the  frequency  of  the  received 
tone  in  the  same  channel. 

For  absolute  delay,  a short  pulse  is  trans- 
mitted at  baseband  and  the  delay  between 
the  transmitted  and  received  pulse  measured. 

Television  Test  Patterns 

This  experiment  provides  a basis  for  sub- 
jective evaluation  of  the  system  performance 
for  television.  The  test  consists  of  transmit- 
ting various  test  patterns,  displaying  the 
received  patterns  on  a monitor  and  photo- 
graphing the  patterns  for  comparison.  Test 
patterns  are  either  taken  directly  from  a pat- 
tern generator  or  generated  from  test  slides 
scanned  by  a vidicon  camera.  The  experiment 
is  performed  both  with  and  without  CCIR 
pre-emphasis. 

System  Demonstration  Experiments 

The  system  demonstration  tests  indicate 
the  feasibility  of  satellite  communication  for 
various  types  of  material.  These  include 
television,  telephony,  digital  data,  teletype 
and  facsimile  transmission.  Either  live  or 
taped  material  may  be  transmitted.  Subjec- 
tive evaluation  is  made  of  the  received  trans- 
missions and  comparison  made  with  the 
performance  quality  predicted  from  the  per- 
formance experiments.  In  addition  to  sub- 
jective judgments,  quantitative  evaluations 
are  made  wherever  possible  (i.e.,  error  rates, 
skew,  slippage,  sync  compression,  etc.).  In 
general,  the  experimental  procedures  are  in 
accordance  with  the  corresponding  narrow- 
band  or  wideband  performance  experiments 
— television,  telephone,  etc. 
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These  system  demonstration  experiments 
are  also  used  for  public  demonstrations. 
When  approved,  public  demonstrations  are 
scheduled  at  the  request  of  the  participating 
stations.  Many  historical  and  general  inter- 
est events  have  been  transmitted  via  Relay. 
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Chapter  2 


GSFC  Relay  Communications  Satellite 

Test  Station 


NASA/GSFC  Test  Stations  are  operational  at  Nutley,  N.  J.  and  near  Goldstone 
(Mojave),  Calif,  as  primary  control  centers  for  the  Relay  Communication  Satellite. 
At  the  direction  of  the  Relay  Operations  Center,  these  stations  exercise  command 
control,  monitor  spacecraft  telemetry,  and  conduct  communication  experiments.  The 
stations  are  equipped  for  rapid  checkout  of  the  satellite  as  well  as  for  TV  signal 
transmission  and  reception.  As  of  June  1964,  the  Mojave  station  will  be  further 
equipped  with  two-way  12-ehannel  FDM  telephony  transmission  and  reception. 

A key  design  feature  is  the  utilization  of  a computer  to  decommutate  49  telemetry 
items  and,  within  approximately  twenty  seconds  after  sampling  occurs  in  the  space- 
craft, to  transmit  this  data  continuously  by  teletype  to  the  Relay  Operations  Center. 
In  this  manner,  near  real-time  spacecraft  status  is  reviewed,  and  control  is  effectively 
maintained. 


THE  RELAY  COMMUNICATIONS  SATELLITE 
TEST  STATIONS 

General 

As  a part  of  the  NASA/GSFC  Relay  Com- 
munications Satellite  System,  two  Test  Sta- 
tions have  been  constructed.  One  station  is 
located  at  Nutley,  New  Jersey;  it  became  op- 
erational in  mid-September  1962.  The  other 
is  located  in  the  Mojave  desert  near  Goldstone, 
California  (150  miles  northeast  of  Los  An- 
geles), and  was  placed  in  service  at  the  end 
of  December  1962.  The  Relay  Operations 
Center  at  Goddard  Space  Flight  Center  is 
connected  by  data  and  phone  circuits  to  both 
stations  and  directs  the  stations  in  the  con- 
duct of  command  control  of  the  satellite  and 
communication  experiments. 

In  the  concept  of  the  Relay  satellite  system, 
both  stations  at  Nutley  and  Mojave  were 


designated  as  Test  Stations  and  as  such  have 
prime  responsibility  to  command  the  satellite 
and  monitor  telemetry.  Other  stations  par- 
ticipating in  the  program  under  agreements 
with  NASA  are  designated  as  Ground  Sta- 
tions. 

A listing  of  all  participating  stations  and 
their  capabilities  is  given  in  Table  2-1. 

The  Nutley  Ground  Station  and  the  Nutley 
Test  Station  are  separate  operations,  but 
physically  use  the  same  communications  an- 
tenna. The  Test  Station,  which  is  manned  by 
STL  and  owned  by  NASA,  is  equipped  for 
wideband  transmitting  and  receiving  through 
the  40-foot  antenna.  The  tracking  of  the  sat- 
ellite is  performed  by  personnel  of  Interna- 
tional Telephone  and  Telegraph  Corporation 
(ITT).  When  telephone  testing  is  involved, 
ITT  provides  its  transmitter,  receiver,  and 
multiplex  equipment;  test  station  equipment 
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Table  2-1. — - Summary  of  Participating  Station  Capabilities 


Wideband 

Narrowband 

Multiplex 

(two-way) 

One-way 
noise  loading 

Trans 

Rec 

Trans 

Rec 

Group  A 
(12-60  kc) 

Group  B 
(60-108  kc) 

300 

Channel 

600 

Channel 

Andover,  Maine 

USA  (AT&T) 

X 

X 

X 

X 

X 

X 

X 

X 

Fucino,  Italy  _ _ 

X 

X 

X 

X 

Goonhilly,  England 

X 

X 

X 

X 

X 

X 

X 

X 

Nutley,  N.J. 

USA  (ITT) 

X 

X 

X 

X 

Pleumeur-Bodou, 

France  __  _ 

X 

X 

X 

X 

X 

X 

X 

X 

Raisting,  Germany  . 

X 

X 

X 

X 

*Raisting,  Germany 

X 

X 

X 

X 

Mojave  (Goldstone) 

Calif.,  USA  (NASA). 

X 

X 

X 

X 

X 

X 

Rio  de  Janeiro,  Brazil.. _ 

X 

X 

X 

Ibaraki  Prefecture, 

Japan  _ _ 

X 

X 

X 

X 

X 

Kashima-machi, 

Japan . 

X 

X 

X 

X 

X 

X 

X 

X 

Nutley,  N.J. 

5 

< 

g 

< 

QC 

t— 

X 

X 

*Future  capabilities. 


is  used  only  for  telemetry  and  command. 

Test  Station  Overall  System  Description 

An  examination  of  Figure  2-1  shows  that 
five  major  systems  are  involved  in  the  test 
station  operation.  The  satellite  carries  two 
136  Me  telemetry  transmitters,  a command 
receiver  and  decoder,  a 4080  Me  beacon,  and 
a number  of  sensors  in  addition  to  the  micro- 
wave  repeater.  The  ground  telemetry  system 
receives  data  from  the  spacecraft  and  after 
computer  processing  transmits  the  vital  in- 
formation to  the  Operations  Center  at  Green- 
belt,  Md.  As  a result,  telemetry  and  command 
verification  data  can  be  reviewed  by  NASA 
personnel  within  20  seconds  after  encoding 
occurs  in  the  satellite. 

The  satellite  is  controlled  by  the  command 
system  from  the  selected  station  in  accord- 
ance with  prearranged  schedules,  but  can  be 
commanded  at  any  time  upon  instructions 
from  GSFC.  The  tracking  and  command  an- 


Figure  2-1. — Relay  communications  satellite  system. 


tennas  are  mounted  on  the  same  pedestal  and 
are  positioned  manually  (by  servo  control) 
in  accordance  with  the  orbital  data  obtained 
from  the  Goddard  Computer  Facility.  Since 
the  beamwidth  of  these  antennas  is  20  to  30 
degrees,  no  difficulty  is  encountered  with  this 
positioning.  Orbital  data  can  also  be  used  to 
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automatically  position  the  40-foot  communi- 
cations antenna  by  means  of  the  Antenna 
Programmer,  so  that  the  satellite  appears 
within  the  0.42  degree  beam.  When  the  4080 
Me  beacon  signal  is  acquired,  it  is  utilized  by 
the  monopulse  tracking  system  to  follow  the 
satellite  automatically. 

The  primary  communications  functions 
are  carried  on  by  means  of  the  wideband 
microwave  transmitter  and  receiving  sys- 
tems. These  are  similar  in  function  to  stand- 
ard microwave  repeaters  except  for  the  10 
kw  power  output  of  the  transmitter  and  the 
approximately  2 db  noise  figure  of  the  receiv- 
ing system.  RF  bandwidths  of  25  Me  are 
employed,  and  an  FM  deviation  of  16  Me  is 
used  to  gain  signal -to -noise  advantage. 
Transmission  to  the  satellite  is  at  1725  Me 
and  reception  from  the  spacecraft  is  in  the 
vicinity  of  4170  Me.  The  525  line  video  test 
facilities  and  frequency  division  multiplex 
equipments  are  essentially  standard. 

Test  Station  Implementation 

The  differences  between  the  Test  Stations 
at  Nutley  and  Mojave  are  small  so  far  as  sys- 
tem operation  is  concerned,  resulting  from 
the  use  of  different  types  of  communications 
antennas.  The  vans  at  the  two  stations  are 
similar,  except  that  the  monopulse  tracking 
receiver  is  not  installed  in  the  van  at  Nutley, 
since  this  function  is  provided  by  ITT.  At 
Nutley,  the  10  kw  wideband  transmitter  is 
mounted  in  cabinets  on  the  ground  and  is 
connected  to  the  antenna  through  waveguide 
rotary  joints,  whereas  the  transmitter  power 
stage  and  translator  are  mounted  on  the  an- 
tenna at  Mojave,  and  receive  the  signal  at 
IF  through  the  cable  wrap. 

The  vans  are  built  with  removable  sides  so 
that  they  can  be  joined  together  to  provide 
an  integrated  operations  room;  the  trailers 
are  located  adjacent  to  the  40-foot  antennas 
utilized  at  both  sites.  At  Mojave,  the  antenna 
was  built  for  NASA  by  Philco  Corp.,  and  at 
Nutley,  the  antenna  is  owned  by  ITT  and 
operated  under  contract  with  NASA. 

The  following  sections  of  this  report  de- 


scribe the  various  systems  of  the  Test  Station 
in  detail. 

TELEMETRY  SYSTEM 
General 

The  Relay  Communications  Satellite  has 
as  its  primary  function  the  reception  and  re- 
transmission of  microwave  signals  used  for 
TV  and  telephone  communications.  Since  the 
satellite  is  essentially  an  unattended  repeater 
station,  a telemetry  system  is  provided  to 
verify  command  and  to  permit  monitoring  of 
all  pertinent  system  data.  A simplified  block 
diagram  of  the  telemetry  system  is  shown 
in  Figure  2-2. 

Satellite  Telemetry  Equipment 

Figure  2-3  is  a simplified  block  diagram 
of  the  Relay  airborne  portion  of  the  telem- 
etry system.  The  submultiplexers,  the  main 
multiplexer,  and  the  A/D  converter  are  col- 
lectively referred  to  as  the  encoder.  Encoder 
output  is  fed  to  one  of  two  telemetry  trans- 
mitters. Selection  of  the  transmitter  to  be 
modulated  is  made  by  ground  command.  The 
transmitters  can  be  turned  on  or  off  sepa- 


Figure  2-2. — Telemetry  system. 


Figure  2-3. — Relay  airborne  telemetry, 
block  diagram. 
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rately.  Since  only  one  transmitter  is  used 
at  a time  for  telemetry  transmission,  the 
other  is  normally  left  on  and  used  as  a track- 
ing beacon.  Frequencies  of  both  transmitters 
are  136.620  and  136.140  Me,  with  the  former 
planned  for  tracking,  and  the  latter  primarily 
for  telemetry.  Both  transmitters  are  con- 
nected to  a single  antenna,  which  is  also 
used  for  reception  of  commands  from  the 
ground.  Isolation  is  provided  between  the 
received  and  transmitted  signals  and  between 
the  two  telemetry  transmitters. 

Spacecraft  telemetry  transmitter  output  is 
approximately  250  milliwatts  over  the  range 
of  24  to  32  volts  input.  Link  calculations 
indicate  that  this  power  should  provide  a 
margin  in  the  order  of  10  db  at  elevations 
greater  than  5 degrees  above  the  horizon. 

Provision  is  made  in  the  spacecraft  for 
modulation  of  the  telemetry  transmitter  out- 
put either  by  the  data  from  the  encoder  or 
directly  by  a horizon  scanner.  The  horizon 
scanner  signal  indicates  the  rotation  rate  of 
the  spacecraft,  and  is  also  used  in  a more 
refined  analysis  in  combination  with  data 
from  the  sun  aspect  indicator,  to  derive 
spacecraft  attitude.  Horizon  scanner  output, 
which  is  in  the  form  of  a square  wave,  fre- 
quency modulates  a 1300  cps  subcarrier  os- 
cillator as  the  horizon  scanner  crosses  the 
horizon.  This  signal  is  then  detected  by  the 
ground  receiver  and  patched  into  the  horizon 
scanner  discriminator,  which  feeds  a strip 
chart  recorder  or  can  be  patched  into  the 
magnetic  tape  recorder. 

Telemetry  Signal  Characteristics 

The  Relay  telemetry  signal  is  PCM/PM, 
meaning  that  the  bit  stream  from  the  en- 
coder is  pulse  code  modulated,  and  that  this 
bit  stream  phase  modulates  the  RF  carrier 
radiated  by  the  transmitter.  The  carrier 
phase  is  shifted  approximately  140  degrees 
in  one  direction  or  the  other  by  the  change 
of  state  from  “1”  to  “0”  or  vice  versa.  As 
illustrated  in  Figure  2-4  the  type  of  coding 
used  is  split-phase  nonreturn-to-zero.  In  this 
type  of  coding,  a bit  is  identified  by  a change 
of  voltage  in  a positive  direction  if  the  bit 
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Figure  2-4. — Types  of  NRZ  digital  coding. 

is  a "X"  and  in  a negative  direction  if  the  bit 
is  a “0.”  This  system  permits  positive  iden- 
tification of  a bit  even  under  poor  conditions 
of  reception,  since  only  the  direction  of  the 
change  need  be  detected. 

The  bit  rate  used  is  1152  bits  per  second, 
a relatively  low  rate,  but  adequate  for  the 
requirements  of  the  system.  Word  length  is 
9 bits,  permitting  a quantization  of  511  levels 
with  a resolution  of  10  millivolts,  over  the 
0 to  5 volt  range  of  telemetry  voltages. 

Figure  2-5  shows  the  telemetry  format. 
There  are  128  words  in  a complete  message, 
divided  as  shown,  with  certain  words  sub- 
commutated as  indicated.  The  words  are 
“looked  at”  three  at  a time  in  the  27  bit  regis- 
ter of  the  PCM  processor  so  that  in  some 
instances,  more  or  less  than  9 bits  are  used 
for  certain  information.  For  example,  in 
word  16  only  the  first  six  bits  are  needed  to 
indicate  the  frame  numbers  of  subcommuta- 
tor No.  2,  since  the  maximum  number  of 
frames  in  each  cycle  is  64. 

The  main  commutator  switches  through 
the  sequence  of  main  words  continuously,  but 
each  time  it  reaches  a subcommutated  word 
the  subcommutator  presents  a different  meas- 
urement by  advancing  one  word  each  frame. 
The  main  commutator  completes  a cycle  in 
one  second ; each  main  word  is  sampled  once 
per  second.  Words  in  subcommutator  No.  2, 
are  sampled  once  every  64  seconds.  Those  in 
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BIT  rate 1 152  PER  SEC  = 128  WORDS/SEC  x 9 BITS/WORD 


Figure  2-5. — Relay  telemetry  format. 


subcommutator  No.  1 are  sampled  at  the 
rate  of  one  sample  every  32  seconds. 

This  unusual  format  is  due  to  the  require- 
ment for  measurements  of  the  test  panel  of 
solar  cells ; the  telemetry  format  provides  for 
100  successive  measurements  of  each  solar 
cell.  This  series  of  100  measurements  is  re- 
quired in  order  that  at  least  one  of  the  read- 
ings may  record  the  cell  voltage  when  the 
cell  is  on  the  side  of  the  rotating  satellite 
directly  facing  the  sun.  During  the  data  re- 
duction process  the  one  maximum  sample  is 
selected  and  recorded  automatically. 

Readings  E31  and  E32  are  respectively 
zero-scale  and  half-scale  calibrations.  This 
inflight  calibration  is  required  because  of  the 
fact  that  the  solar  cell  outputs  must  be  am- 
plified before  being  telemetered,  and  these 
can  possibly  drift  in  the  amplification.  Cor- 
rection will  be  automatically  applied  by  the 


computer  which  performs  the  data  reduction. 
Table  2-2  shows  the  Class  II  telemetry  meas- 
urement list,  with  the  range  of  values  for 
each  measurement.  r 

A Packard  Bell  PB250,  solid  state  digital 
computer  is  used  to  perform  subroutines  to : 

1.  Piek  a maximum  signal  value  for  seven 
selected  channels 

2.  Convert  9-bit  binary  numbers  to  meas- 
ured parameters 

3.  Convert  parameter  readings  to  teletype 
Baudot  code  format  and  punch  the  teletype 
tape 

In  actual  operation  this  data  is  very  close 
to  real-time  information.  The  data  punched 
on  teletype  tape  by  the  computer  is  fed  di- 
rectly to  a 100  word/minute  teletype  circuit 
so  that  the  data  is  transmitted  to  GSFC  al- 
most as  soon  as  the  data  is  decoded.  Not 
more  than  20  seconds  elapse  for  the  entire 
process. 


Types  of  Data 

The  digital  telemetry  data  is  divided  into 
three  classes,  depending  on  importance. 

Class  I data  is  that  data  reduced  in  real 
time  at  the  Test  Station,  and  may  be  used 
for  making  a GO/NO-GO  spacecraft  opera- 
tion decision.  There  are  nine  such  items  of 
information.  A digital  limit  checker  is  used 
which  compares  the  incoming  signal  values 
against  preset  limits.  If  all  critical  values  are 
within  tolerance,  a row  of  green  lights  indi- 
cates spacecraft  conditions.  If  a signal  is  out 
of  specification,  a red  light  is  indicated  and 
an  alarm  is  sounded.  Since  the  lights  are 
labeled,  the  operator  can  tell  immediately 
which  parameter  is  faulty.  The  Class  I data 
is  recorded  in  analog  form  on  a paper  strip 
recorder. 

Class  II  data  consists  of  34  items  of  space- 
craft telemetry  and  is  utilized  to  determine 
spacecraft  condition  in  more  detail  than  is 
available  from  Class  I data.  Class  II  data  is 
also  reduced  in  real  time,  formatted  for 
transmission  over  a teletype  circuit,  and  is 
transmitted  to  GSFC  in  order  that  GSFC 
representatives  may  observe  the  detailed 
status  of  the  spacecraft  immediately  prior  to, 
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Table  2-2. — Relay  Telemetry  Measurement  Listy  Class  II 


Number 

Function 

Units 

Range 

Rate 

TM  time  slot 

Main  com 

Sub  1 

Sub  2 

1 

Solar  cell  bus  . 

Volts 

20-40 

; 1/sec 

18 

2 

Battery  No.  1_ 

Volts 

20-40 

1/64  sec 

28 

17 

3 

Battery  No.  2 __  _ _ 

Volts 

, 20-40 

1/64  sec 

28 

25 

4 

Battery  No.  3__ 

Volts 

! 20-40 

1/64  sec 

28 

33 

5 

Unregulated  bus 

Volts 

20-40 

1/sec 

19 

6 

Battery  1-1  temp 

°C 

-20  to  +66 

1/64  sec 

28 

18 

7 

Battery  2-1  temp 

°c 

-20  to  +66 

1/64  see 

28 

34 

8 

Battery  3-1  temp_  _ _ _ 

°c 

— 20  to  +66 

1/64  see 

28 

50 

9 

Total  battery  current. 

Amps 

+2  to  — 5 

1/sec 

20 

10 

TM  transmitter  power 

output  No.  1 

MW 

0 to  500 

1/64  sec 

| 28 

19 

11 

TM  transmitter  power 

output  No.  2__ 

MW 

0 to  500 

1/64  sec 

! 28 

27 

12 

Command 

receiver  AGC  _ _ _ 

Volts 

0 to  5 

1/64  sec 

28 

59 

13 

TWT  collector  temp 

°c 

i 0 to  120 

1/64  sec 

28 

12 

14 

Lower  surface  temp___ 

°C 

-130  to  +5 

1/64  sec 

28 

21 

15 

Active  thermal 

controller  sensor  temp_ 

°c 

—2  to  40 

1/sec 

22 

16 

AGC— main  IF 

Volts 

0 to  5 

1/sec 

24 

17 

Receiver  mixer 

crystal  current.  ______ 

MA 

0 to  1 

1 /64  sec 

28 

39 

18 

Transmitter  input 

signal  power. 

MW 

0 to  10 

1/64  sec 

28 

55 

19 

Regulated  bus  voltage 

Volts 

0 to  30 

1/64  sec 

28 

16 

20 

TWT  output  power___ 

Watts 

0 to  12 

1/64  sec 

28 

24 

21  ] 

Command  verification 

ABC____ 

Volts 

0 to  5 

1/64  sec 

28 

35 

22 

Command 

verification  DEF_ 

Volts 

0 to  5 

1/64  sec 

28 

43 

23 

Command 

verification  GHI 

Volts 

0 to  5 

1/64  see 

28 

51 

24 

Command 

verification  JKL.  „ 

Volts 

0 to  5 

1/sec 

21 

25 

Sun  aspect  indicator.  _ 

Mechanical 

1/sec 

16-17 

degree 

(last  3 bits  of  16 

first  3 bits  of  17) 

26 

Solar  cell  S-l  _ _ 

MV 

0 to  170 

100/32  sec 

29-128 

2 

27 

Solar  cell  S-2 

MV 

0 to  170 

100/32  sec 

29-128 

3 

28 

Solar  cell  S-3 

MV 

0 to  170 

100/32  sec 

29-128 

4 

29 

Solar  cell  S-7 

MV 

0 to  170 

100/32  sec 

29-128 

8 

30 

Solar  cell  S-8 

MV 

0 to  170 

100/32  sec 

29-128 

10 

31 

Solar  cell  S-9 

MV 

0 to  170 

100/32  sec 

29-128 

11 

32 

Thermistor  No.  4 

°C 

-20  to  +45 

1/64  sec 

28 

7 

33 

Radiation  monitor  A.  _ 

Counts 

0 to  22T 

1/see 

4,5,6 

34 

Beacon  output  power. 

MV 

0 to  2 

1/64  sec 

28 

32 

during1  and  following  utilization  of  the  space- 
craft. 

Figure  2-6  is  an  example  of  Class  II  data. 
The  first  11-digit  number  following  the  N 
is  the  time  that  the  data  was  read  out  of  the 
computer  and  punched  into  the  teletype  tape. 


The  first  two  digits  are  the  year,  the  next 
three  are  the  day  of  the  year,  and  the  last 
six  are  the  Greenwich  Meridian  Time  in 
hours,  minutes,  and  seconds.  This  informa- 
tion is  repeated  every  16  seconds  and  is  fol- 
lowed by  the  same  six  readouts  each  time. 
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////CFRNC-B//// 
RR  GMRC  JSTL 
DE  GSOC  008A 
28/U30Z 


sent  to  the  data  Reduction  Center  at  GSFC. 

Test  Station  Telemetry  System 


THE  FOLLOWING  IS  CLASS  II  DATA  AS  OBTAINED  FROM  RELAY  II  FROM 
GCON  ON  ORBIT  REVOLUTION  0049 


N640281 10722  1.79  27.22  2/61  3.67  24/26  2.49 
03  86.5  04  26.9  05  26/7  08  3.33 
09  4.07  10  14/4  11  .05  13  16/7  16  22/1 

N640281 10738  1.80  27.20  2/62  3.66  24/22  2.46 
17  27.3  19  .00  20  20/2  21  -4/75  24  1.33 
25  27.4  26  29/9  27  1.46  31  3.26  32  1.30 

N640281 10754  1.80  27.29  2/63  3.66  24/26  2.47 
33  27.4  34  .00  35  .76  40  19/8 
41  17/5  42  30/2  43  .73  47  1.28  48  .00 

N640281 10810  1.80  27.02  2/60  3.65  24/18  2.46 
49  15/6  50  .01  51  1.96  54  1.71  55  .16 
59  11/0  63  46/1  64  25/0 
170  165  177  162  163  19  1/7 


N6 40281 10826  1.80  27.16  2/62  3.66  24/18  2.47 
03  86.5  04  26.8  05  26/6  08  3.35 
09  4.05  10  14/8  11  .05  13  16/8  16  22/3 

N640281 10842  1.79  27.07  2/63  3.66  24/37  2.45 
17  27.3  19  .01  20  20/4  21  -4/53  24  1.33 
25  27.3  26  30/2  27  1.47  31  3,28  32  1.32 

N640281 10858  1.79  27.07  2/63  3.66  24/15  2.47 
33  27.4  34  .01  35  .74  40  20/0 
41  17/7  42  30/0  43  .73  47  1.26  48  .01 

N640281 10914  1.79  27.00  2/61  3.66  24/15  2.49 
49  15/3  50  .02  51  1.97  54  1.70  55  .15 
59  11/1  63  46/1  64  24/7 
170  165  177  162  163  19  1/7 


N640281 10930  1.80  27.09  2/62  3.64  24/07  2.47 
03  86.5  04  26.8  05  25/1  08  3.35 
09  4.06  10  15/0  11  .05  13  16/8  16  22/4 

N640281 10946  1.79  27.00  2/61  3.66  24/15  2.47 
17  27.3  19  .02  20  20/4  21  -5/20  24  1.33 
25  27.3  26  30/1  27  1.47  31  3.30  32  1.32 

N640281 11002  1.80  27.02  2/62  3.65  24/18  2.47 


33  27.3  34  .02  35  .75  40  20/1 
41  17/9  42  30/2  43  .73  47  1.26  48  .01 

N64028I 11018  1.79  27.07  2/63  3.66  24/15  2.49 
49  15/8  50  .02  51  1.96  54  1.71  55  .14 
59  1 1/5  63  46/3  64  24/8 
170  165  177  162  164  19  1/7 


Figure  2-6. — Example  of  class  II  data. 

These  are  main  frame  words  18,  19,  20,  21, 
22  and  24.  The  slant  line  between  certain 
numbers  should  be  read  as  a decimal  point, 
but  indicates  that  these  readings  were  taken 
from  a normalized  curve  by  the  computer. 
They  can  be  interpolated  to  recover  the  true 
reading. 

The  next  line  shows  decommutated  words 
03,  04,  05,  and  08,  and  their  values,  from 
subcommutator  No.  2.  It  is  seen  that  lines 
2,  3,  5,  6,  8,  9,  11,  and  12  are  a continuation 
of  these  same  words  totalling  64  and  are  re- 


Figure 2-7  is  a block  diagram  of  the  telem- 
etry system  in  the  Relay  Test  Stations.  Be- 
ginning with  the  telemetry  antenna,  the 


Figure  2-7. — Relay  ground  telemetry  system. 


signal  goes  through  the  polarization  selector, 
which  permits  selection  of  circular  or  linear 
polarization.  Circular  polarization  may  be 
either  right  or  left-hand,  and  linear  polari- 
zation may  be  either  vertical  or  horizontal. 
The  multicoupler  permits  the  signal  to  be 
sent  to  both  phase-lock  receivers.  Receiver 
outputs  consist  of  PCM  data  which  is  sent 
to  the  signal  conditioner ; AGC  information 
is  recorded  as  an  indication  of  received  sig- 
nal strength.  Either  receiver  may  be  patched 
into  the  digital  system. 

The  signal  conditioner  and  bit  synchro- 
nizer reconditions  the  usually  noisy  bit 
stream,  and  provides  a synchronizing  signal 
at  the  bit  rate.  The  signals  then  go  to  the 
signal  processor  and  PCM  decommutator. 
Here  certain  measurements  are  selected  and 


peated  in  each  block,  i.e.,  every  64  seconds. 
Line  13  of  the  format  consists  of  subcom- 


converted to  analog  signals  for  strip  chart 
recording.  The  entire  bit  stream,  before 


mutator  No.  1 items  18,  19,  23,  25,  and  27, 
which  are  solar  cell  measurements. 

Class  III  data  contains  all  of  the  Class  I 
and  II  and  radiation  experiments  telemetry 
data.  Class  III  data  is  recorded  on  magnetic 
tape  for  future  data  reduction.  The  tape 
recorder  also  records  digital  time  for  proper 
time  tagging  of  events.  Recording  tapes  are 


reaching  the  signal  processor,  is  also  fed  to 
a magnetic  tape  recorder.  From  the  signal 
processor  the  digital  data  is  fed  to  a Packard- 
Bell  PB-250  digital  computer  which  selects 
and  reduces  certain  measurements,  produc- 
ing a punched  tape  at  its  output.  This  tape 
is  then  used  to  drive  a teletype  page  printer 
for  printing  out  the  data  in  decimal  form. 
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Simultaneously  the  data  is  transmitted  to  the 
operations  office  at  GSFC.  Another  digital 
output  from  the  signal  processor  operates 


the  PCM  limit  checker,  providing  local  dis- 
play of  certain  critical  parameters. 


PARALLEL  28  V TIME  , 


-TIME  DISPLAY  UNITS 


PRINTOUT 

CONTROL 

STL 
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Figure  2-8— Telemetry  and  command  systems. 
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Detailed  Test  Station  Telemetry  System 
Description* 

TACO  Antenna 

The  TACO  antenna  assembly  (Figure  2-9) 
used  at  the  test  stations  at  Mojave  and  Nutley 
includes  a command  antenna  in  addition  to 
the  telemetry  antenna  array.  The  array  con- 
sists of  eight  antennas,  each  a seven-element 
yagi,  dually  polarized  and  cut  for  a frequency 
of  136.5  Me.  Outputs  of  the  vertically  polar- 
ized telemetry  elements  are  connected  by 
coaxial  cables  to  a combiner  and  then  through 
a filter  (to  reject  the  command  frequency) 
to  the  input  of  a dual  channel  preamplifier. 
Horizontal  elements  are  similarly  connected 
into  the  other  channel  of  the  preamplifier. 
Preamplifier  outputs  are  routed  via  cable  to 
the  polarization  selector  where  vertical,  hor- 
izontal left-hand  circular  or  right-hand  cir- 
cular polarization  can  be  chosen.  The  an- 
tenna assembly  can  be  oriented  plus  or  minus 
280  degrees  in  azimuth  or  plus  or  minus  80 
degrees  in  elevation  by  remote  control.  Te- 


Figure  2-9.— TACO  telemetry  and  command 
antenna. 


lemetry  array  gain  is  20  db,  and  the  beam- 
width  is  roughly  15  degrees  in  both  planes. 

Receivers 

The  136-137  Me  Motorola  and  DEI  re- 
ceivers were  especially  designed  for  NASA 
for  telemetry  reception.  The  Motorola  re- 
ceiver is  a phase-lock  design  capable  of  re- 
ceiving amplitude  or  phase  modulated  signals 
in  the  range  from  -50  dbm  to  -157  dbm.  Even 
though  the  received  frequency  is  off  normal 
by  as  much  as  7 kc  because  of  Doppler  shift 
or  transmitter  frequency  drift,  the  phase- 
lock  design  employing  double  conversion,  will 
keep  the  narrowband  filter  locked  to  the  weak 
carrier.  IF  bandwidth  is  adjustable  from 
60  kc  to  1.5  kc.  Loop  bandwidth  can  be 
switched  from  20  to  60  cps.  The  DEI  receiver 
has  characteristics  similar  to  the  Motorola 
receiver,  and  either  can  be  selected  to  feed 
the  PCM  signal  into  the  signal  conditioner. 

Dafa  Processing 

The  signal  conditioner  and  bit  rate  syn- 
chronizer is  a Dynatronics  Model  5202,  also 
especially  built  for  NASA  (see  Figure  2-10) . 
It  performs  the  function  of  regenerating  de- 
teriorated PCM  serial  data  and  reproducing 
it  free  of  noise.  An  output  of  synchronizing 
pulses  which  are  phase-locked  to  the  bit  rate 
of  the  incoming  data  is  also  provided.  This 
unit  is  followed  by  a PCM  data  processor 
which,  together  with  the  signal  conditioner, 
forms  a realtime  telemetry  data  processing 
system  that  is  specifically  designed  to  decom- 
mutate  the  Relay  satellite  telemetry. 

The  PCM  data  processor  was  developed  by 
the  Handling  and  Processing  Section,  Space 
Data  Control  Branch,  Space  Data  Acquisi- 
tion Division,  of  the  Goddard  Space  Flight 
Center.  The  unit  is  adjusted  to  accommodate 
the  word  and  frame  format  used  by  the  Relay 
satellite  and  provides  both  digital  and  analog 
outputs. 

Dafa  Displays 

One  output  of  the  PCM  data  processor  is 
serial  data  sent  to  the  Packard  Bell  PB-250 

*See  Figure  2-8. 
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Figure  2-10. — Telemetry  system. 


computer  where  certain  measurements  are 
selected,  converted  to  standard  parameters, 
and  punched  out  in  Baudot  form  for  trans- 
mission over  teletype  circuits. 

Other  digital  outputs  from  the  PCM  data 
processor  are  sent  to  the  PCM  limit  checker. 
This  unit,  designed  and  built  by  STL,  pro- 
vides an  instantaneous  display  of  red  and 
green  lights  to  indicate  the  status  of  the 
spacecraft.  Eight  preselected  spacecraft 
functions  are  continuously  examined  to  as- 
certain if  they  are  within  preset  limits.  An 
indication  of  when  the  PCM  data  processor 
has  achieved  frame  sync  is  also  provided. 


Analog  outputs  of  the  PCM  data  processor 
of  selected  critical  measurements  are  con- 
nected to  channels  of  the  Offner  Dynograph 
Model  504A  strip  chart  recorder  to  provide  a 
permanent  record. 

Verification  Equipment 

An  Astrodata  Model  6190  time  code  gen- 
erator provides  a NASA  28-bit  2-pps  time 
signal  to  the  Offner  eight-channel  strip  re- 
corders and  a NASA  100-pps  36-bit  time  sig- 
nal to  the  two-pen  recorders. 

Outputs  from  the  time  display  lights  of  the 
time  code  generator  (46  wires)  are  used  to 
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Figure  2-11. — Telemetry  analog  recording  equipment. 


operate  the  time  display  driver  which,  in 
turn,  operates  a number  of  time  displays 
throughout  the  vans.  These  outputs  are  also 
used  in  conjuction  with  the  printout  control, 
to  provide  time  signals  to  the  PB-250  com- 
puter for  time  tagging  of  the  Class  II  data 
as  it  is  processed. 

Some  of  the  parameters,  such  as  AGC,  are 
fed  into  subcarrier  oscillators  and  are  then 
combined  into  a single  composite  wave  train 
for  recording  on  the  Precision  Instrument 
Model  207  seven-track  magnetic  tape  record- 
er. WWY  time  signals  are  recorded  as  a 
standard  time  reference:  the  NASA  36-bit 
100-pps  1000-cps  modulated  time  signals  gen- 
erated by  the  time  code  generator  are  also 


recorded.  A channel  is  also  provided  for  voice 
recordings  of  communications  over  the  sta- 
tion intercom  system  and  for  commands 
transmitted  to  the  spacecraft.  Speed  lock 
information  is  generated  within  the  tape 
recorder  and  recorded  on  the  tape  in  still 
another  channel  to  enable  the  playback  re- 
corder to  maintain  the  same  speed  when  play- 
ing the  tape  back  as  during  the  recording. 
Another  recording  is  made  of  demodulated 
commands  sent  to  the  spacecraft;  these  are 
recorded  along  with  a time  code  on  a strip 
chart  recorder. 

PCM  data  from  the  receiver  output  is  re- 
corded on  another  track.  Thus  tapes  can  al- 
ways be  used  to  recover  the  data  in  the  event 


300 


RELAY  I— PART  II 


a failure  occurs  in  the  PCM  data  processing 
equipment  during  a satellite  pass.  Tapes  are 
normally  sent  to  the  Goddard  Computer  Fa- 
cility for  analysis  and  permanent  record 
keeping. 

System  Tests 

A periodic  check  of  the  Test  Station  telem- 
etry system  is  made  using  the  Telemetries 
Model  ESS-506  PCM  simulator  and  STL  RF 
signal  generator  shown  in  Figure  2-8.  Co- 
axial relays  provide  connection  into  the  sys- 
tem at  the  antennas  so  that  the  complete 
system  can  be  tested.  Typical  results  are 
shown  in  Table  2-3. 


Table  2-3.- — Receiver  Error  Rate 


Signal 

level 

Receiver  No,  1 
errors/100,000 

Receiver  No.  2 
errors/100,000 

-120  dbm 

0 

0 

-121 

0 

0 

-122 

0 

2 

-123 

O 

3 

-124 

0 

9 

-125 

0 

2 

-126 

10 

26 

-127 

56 

98 

-128 

118 

239 

-129 

392 

665 

-130 

911 

1265 

Since  the  received  signal  strengths  are  in 
the  range  of  -105  to  -115  dbm,  data  quality 
has  been  excellent. 

THE  COMMAND  SYSTEM 
General 

Because  of  the  variety  of  experiments 
available  and  the  redundancy  provided  in  the 
Relay  spacecraft,  it  is  not  possible  or  desir- 
able for  all  spacecraft  systems  to  be  opera- 
tive simultaneously.  The  solar  array  output 
limits  the  power  available.  Thus  a command 
system  was  provided  to  permit  the  orderly 
conduct  of  various  experiments  and  to  cir- 
cumvent possible  failures  of  equipment.  The 
basic  command  system  is  shown  in  Figure 
2-12. 

The  command  system  parameters  and  the 
equipment  aboard  the  satellite  are  discussed 
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Figure  2-12. — The  command  system. 


in  detail  in  a separate  report  on  the  command 
system,  but  the  basic  requirements  are  shown 
here  to  facilitate  understanding  of  the  test 
station  operation. 

Commands  are  transmitted  from  the  test 
stations  by  means  of  a 3 kw  transmitter  oper- 
ating (at  about  150  Me)  into  a 14  db  yagi 
circularly  polarized  antenna.  Since  a 3 to  4 
db  loss  is  encountered  in  the  transmission  line 
at  either  station,  the  resulting  effective  ra- 
diated power  is  approximately  33  kw;  an- 
tenna beamwidth  between  the  half-power 
points  is  about  30  degrees.  The  transmitter  is 
amplitude  modulated  by  a 5.451  kc  tone  which 
is  pulsed  in  twenty  combinations  for  the  dif- 
ferent commands.  Command  coding  format 
is  wholly  compatible  with  the  NASA  Mini- 
track network  of  stations. 

Command  Code  Characteristics 

The  command  encoder  used  in  the  Relay 
test  stations  produces  the  standard  NASA 
code,  composed  of  blocks  or  pulses  of  5451 
cps  tones  of  various  lengths.  Pulse  duration 
modulation  (PDM)  is  achieved  by  keying 
the  tone  on  or  off  at  about  300  bits  per  second. 
Thus,  each  bit  contains  18  cycles  of  tone.  The 
bits  are  used  in  combinations  to  form  pulses 
which  are  either  one  bit  long  (for  “0”s),  two 
bits  long  (for  “l”s),  or  three  bits  long  for 
the  synchronization  pulse.  Thus,  the  “0”  is 
18  cycles  of  tone  or  3.3  milliseconds  (msec) 
in  duration,  the  “1”  is  36  cycles  of  tone  or 
6.6  msec  in  duration,  and  the  sync  is  54 
cycles  of  tone  or  9.9  msec  in  duration.  A 
command  word  is  composed  of  six  PDM  bi- 
nary digits  preceded  by  the  sync  pulse  and 
a readying  period.  Thus,  a word  can  be 
thought  of  as  being  made  up  of  8 segments 
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Figure  2-13. — Command  word  format. 

/ 

as  shown  in  Figure  2-13.  The  first  segment 
(which  carries  no  information,  and  must 
equal  or  exceed  four  bits  in  length)  and  is 
followed  by  the  sync  pulse  (3  bits).  Suc- 
ceeding segments  carry  the  command  code. 
This  format  also  requires  combinations  of 
three  “0”s  and  three'T’s  in  order  to  be  rec- 
ognized by  the  spacecraft  decoder.  Twenty 
different  commands  are  possible,  as  shown 
in  Table  2-4.  Each  word  is  automatically 
repeated  five  times  whenever  a command  is 
sent,  requiring  a total  time  of  528  msec.  Pro- 
vision is  made  in  the  spacecraft  command 
control  box  to  prevent  simultaneous  turn-on 
of  both  wideband  transponders  or  of  the  hori- 
zon scanner  and  encoder. 


Table  2-4.- — List  of  Commands 


Channel 

Switching  function 

Code 

Decoder 

line 

1 

Load  cutoff  normal- 

1110G0 

1 

2 

Transponder  No.  1 ON _ 

110100 

2 

3 

Transponder  No.  2 ON 

lonoo 

3 

4 

Transponder  Nos.  1 and  2 OFF 

011100 

4 

5 

Radiation  experiment  OFF 

nooio  : 

5 

6 

Radiation  experiment  ON-.-  ... ! 

101010 

6 

7 

Telemetry  encoder  ON  /horizon 
scanner  OFF 

011010 

7 

8 

Horizon  scanner  ON /telemetry 
encoder  OFF— J 

100110 

8 

9 

Modulate  telemetry  transmitter 
No.  1 — 

010110 

9 

10 

Modulate  telemetry  transmitter 
No.  2 

001110 

10 

11 

Attitude  control  current  negative — 

110001 

10 

12 

Attitude  control  current  positive 

101001 

9 

13 

Horizon  scanner  and  attitude 

control  OFF 

011001 

8 

14 

Telemetry  encoder  OFF 

100101 

7 

15 

Telemetry  transmitter 

Nos.  1 and  2 ON - 

010101 

6 

16 

Telemetry  transmitter  No.  2 OFF-  _ 

001101 

5 

17 

Telemetry  transmitter  No.  1 OFF.  . 

100011 

4 

18 

PHONE  ON /TV  OFF  

010011 

3 

19 

TV  ON/PHONE  OFF 

001011 

2 

20 

Load  cutoff  override.- 

000111 

1 

Test  Station  Configuration 

Figure  2-14  shows  the  units  involved  in  the 
test  station  implementation  of  the  command 
system.  It  will  be  seen  that  the  system  con- 
sists of  the  command  code  generator,  the 
transmitter  (and  antenna),  and  two  different 
monitoring  facilities. 


Figure  2-14. — Test  station  command  system. 


The  standby  300  watt  transmitter  and  du- 
plicate monitoring  facilities  provides  a high 
order  of  confidence  that  the  commands  can 
be  sent  and  verified. 

Command  Encoder 

The  command  encoder  (see  Figure  2-15) 
was  manufactured  by  Consolidated  Systems 
Corporation  for  NASA.  It  is  a versatile  unit 
with  modular  construction  capable  of  gen- 
erating all  commands.  As  used  in  the  Relay 
Test  Stations,  it  is  equipped  with  a 5.451  kc 
tone-generating  tuning  fork,  accurate  to  0.005 
percent.  The  output  tone  signal  is  used  to 
modulate  the  transmitter.  Contacts  to  start 
the  strip  chart  recorder  and  to  key  the  trans- 
mitter automatically  are  provided. 

Command  3 KW  Transmitter 

The  Command  Transmitter  (see  Figure 
2-16)  is  a model  HC-300  built  by  Hughes. 
It  is  rated  at  3 kw  output  at  150  Me,  ampli- 
tude modulated.  The  unit  is  crystal  con- 
trolled with  a temperature  stability  of  1 part 
per  million  per  day  over  the  temperature 
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TIME  CODE  GENERATOR 


300  WATT  P.A. 
COMMAND 
TRANSMITTER 
(STANDBY) 


ALARM  READOUT 
(BLANK  HERE) 

HORIZON 

SCAN 

DISCRIMINATOR 


DC  AMPLIFIER 
(BLANK  HERE) 


STRIP  CHART  RECORDER 
(BLANK  HERE) 


COMMAND  CODE  GENERATOR 


TRUNK  JACKS 


STANDBY  COMMAND 
TRANSMITTER  EXCITER 


TAPE  READER 


POWER  SUPPLY 


Figure  2-15. — Command  system  equipment  i*aeks. 


range  of  82  to  90  °F.  A crystal  oscillator  is 
followed  by  a tripler,  a doubler,  and  another 
tripler  to  arrive  at  the  final  frequency  of 
about  150  Me.  A push-pull  driver  precedes 
the  single-ended  neutralized  4CX300A  output 
state.  A four-stage  audio  amplifier  drives  the 
push-pull  Class  AB  4-100A  modulator  tubes. 

300  Watt  Standby  Transmitter 

The  300  watt  transmitter  was  assembled 
by  Radiation  at  Stanford  (see  Figure  2-15) . 
The  exciter  unit  was  manufactured  by  Wilcox 
Electric  and  contains  the  crystal  oscillator 
and  multiplier  stages.  It  develops  50  watts 
for  driving  the  300  watt  power  amplifier. 


This  transmitter  is  used  as  an  emergency  unit 
in  ease  of  failure  of  the  3 kw  regular  unit. 

Command  Antenna 

The  command  antenna  (see  Figure  2-9) 
is  a part  of  the  antenna  mount  provided  by 
TACO  ; telemetry  antennas  are  included.  It 
is  a circularly  polarized  yagi  with  14.3  ± 1 
db  gain,  designed  for  150  Me  operation  at  3 
kw ; antenna  beamwidth  is  30  degrees  at  the 
3 db  points. 

Monitoring  Facilities 

Reference  to  .the  command  system  block 
diagram  (Figure  2-14)  shows  tW 
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Figure  2-16. — Command  transmitter. 


mand  codes  are  recorded  in  two  ways  in  order 
to  permit  verification  of  the  codes  sent.  Tones 
are  rectified  in  one  case  and  are  recorded  on 
the  strip  recorded.  In  the  other  case,  the 
pulsed  5451  cps  tones  are  recorded  on  one 
track  of  the  magnetic  tape  recorded. 

Operational  Experience 

As  originally  operated  with  a 300  watt 
transmitter,  the  command  system  was  able 
to  command  the  spacecraft  correctly  except 
at  times  when  the  spacecraft  was  low  on  the 
horizon  and  at  long  radio  ranges.  The  maxi- 
mum radio  ranges  had  increased  from  the 
original  5,000  nautical  miles  to  7,000  nautical 
miles  due  to  last  minute  changes  made  in 
the  planned  spacecraft  orbit.  This  change 
amounts  to  almost  3 db  in  received  signal 
level.  An  STL  study  indicated  that  at  low  ele- 
vation angles  problems  with  multipath  trans- 
mission can  reduce  drastically  the  signal 
received  at  the  spacecraft.  Additionally,  all 
things  being  equal,  there  were  indications  that 
there  was  a 20  percent  probability  that  at 


such  an  angle  (below  10  degrees  elevation) 
the  satellite  spin  axis  would  be  oriented  in 
such  a position  as  to  cause  a 10  db  degrada- 
tion in  the  received  signal.  Accordingly,  a 
3 kw  transmitter  was  installed  to  raise  the 
signal  10  db  above  the  original  level.  Com- 
mand reliability  has  improved  considerably 
since  this  change  was  made.  However,  at  ele- 
vation angles  above  10  degrees  and  at  radio 
ranges  up  to  5,000  nautical  miles,  300  watts 
is  adequate. 

WIDEBAND  COMMUNICATIONS 
TRANSMITTER  SYSTEM 

General 

The  principal  task  of  the  Relay  satellite 
is  to  demonstrate  the  capability  of  providing 
communication  functions.  A conventional 
way  of  accomplishing  this  is  to  provide  a 
radio  path  by  which  means  a “baseband” 
can  be  carried.  It  has  become  an  accepted 
technique  to  provide  a bandwidth  suitable 
for  TV  transmission  or  for  frequency  divi- 
sion multiplex  telephony.  The  multiplex,  in 
turn  can  accommodate  telephone,  teletype, 
data,  or  facsimile.  Newer  techniques  permit 
high  speed  data  over  48  kc  channel  groups. 
The  Relay  satellite  system  has  all  these  capa- 
bilities. A video  bandwidth  usable  to  about 
5 Me  is  available  through  the  complete  sys- 
tem of  satellite  and  test  stations. 

The  10  kw  communications  transmitter  is 
capable  of  wideband  FM  modulation  similar 
to  a conventional  microwave  repeater  except 
that  greater  FM  deviation  is  used.  This  re- 
sults in  an  improved  signal-to-noise  ratio, 
but  requires  the  use  of  special  low  threshold 
techniques  in  reception  such  as  BTL’s  feed- 
back or  STL’s  phase-lock  demodulators. 

Transmission  to  the  satellite  is  at  1725  Me, 
at  approximately  5.5  Me  deviation.  Deviation 
is  tripled  to  16.4  Me  and  the  frequency  is 
translated  to  4170  Me  in  the  satellite. 

10  KW  Power  Amplifier* 

A block  diagram  of  the  wideband  commu- 
nications transmitter  is  shown  in  Figure 
2-19.  The  power  amplifier  and  heat  ex- 

*See  Figures  2-17  and  2-18. 
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Figure  2-17. — 10  kw  transmitter. 


changer  were  developed  by  Radiation-at- 
Stanford.  The  transmitter  uses  the  Eimac 
5 KM70SF  high  power  klystron. 

By  stagger  tuning  the  klystron  (which  is 
inherently  a narrowband  device),  it  was  pos- 
sible to  achieve  a bandwidth  of  ± 7 Me  flat 
within  1 db  as  shown  in  Figure  2-20.  The 
photograph  at  the  left  was  taken  with  the 
wideband  transmitter  operating  at  a level 
of  10  kw  into  the  dummy  load.  Reflected 
energy  was  less  than  100  watts.  Sweep  width 
is  approximately  14  Me.  The  photograph 
represents  the  variation  of  the  transmitter 
output  power  across  the  passband.  The 
photograph  at  the  right  was  taken  with  the 
wideband  transmitter  operating  at  a level  of 
10  kw  into  the  antenna. 

At  the  Nutley  Station  an  RCA  translator  is 
used  to  convert  from  74  Me  to  1725  Me;  at 
Mojave  a similar  function  is  provided  by  a 
Radiation-at-Stanford  design.  Power  level 
out  of  the  TH  deviator  is  approximately  +12 
dbm.  The  output  of  the  RCA  translator  is 
between  10  and  15  watts,  and  is  attenuated 
to  approximately  0.5  watts  to  drive  the  final 
stage.  An  isolator  prevents  antenna  impe- 
dance discontinuities  from  affecting  kly- 
stron performance.  An  harmonic  filter  re- 
duces second  and  higher  order  harmonics  to 
a nonob  jectionable  level.  Forward  and  re- 
verse power  level  meters  permit  proper 


adjustment  and,  in  conjunction  with  ther- 
mometers, flow  meters  and  the  dummy  load, 
permits  output  power  to  be  determined. 

The  FM  Modulator 

Generation  of  the  frequency  modulated  sig- 
nal, with  which  the  translator  and  10  kw 
power  stage  are  driven,  is  accomplished  by 
the  Western  Electric  TH  deviator.  This  unit 
has  been  adapted  to  the  Relay  Satellite  Sys- 
tem for  test  station  use  with  minor  modifica- 
tions. Required  in  the  Relay  system,  5.5.  Me 
(peak -to -peak)  deviation  is  obtained  by 
slightly  decreasing  the  feedback  in  the  video 
amplifier.  This  results  in  high-index  FM 
modulation  in  the  downlink,  since  the  devia- 
tion is  tripled  in  the  spacecraft.  (See  Figure 
2-21.) 

The  TH  deviator  receives  a baseband  sig- 
nal from  a 124-ohm  balanced  line  and  de- 
livers a frequency  modulated  signal  to  the 
10  kw  microwave  transmitter.  The  frequency 
modulated  signal  is  centered  about  74.180  Me. 
As  shown  in  Figure  2-22,  the  input  signal 
is  amplified  in  a video  amplifier,  and  is  used 
to  modulate  a klystron  operating  at  6174.1 
Me.  Output  of  this  klystron  and  a beating 
klystron  operating  at  6100  Me  are  combined 
in  a converter  from  which  the  difference  fre- 
quency of  74.1  Me  is  obtained.  This  74.1  Me 
signal  is  amplified  in  an  IF  amplifier  to  the 
level  required  for  delivery  to  the  microwave 
transmitter. 

Through  a splitting  pad  and  a second  IF 
amplifier,  the  converter  output  is  also  fed  to 
automatic  frequency  control  circuits  which 
compare  the  beat  frequency  and  the  output 
of  a 74.1  Me  reference  oscillator  at  a 30-cycle 
rate.  Correction  voltages  from  a synchronous 
detector  are  applied  to  the  beating  klystron 
to  keep  the  IF  center  frequency  within  limits. 
See  Table  2-5  for  TH  deviator  performance. 

COMMUNICATION  RECEIVER  SYSTEM* 
General 

Since  the  Relay  satellite  is  spin-stabilized, 

*For  a detailed  description  of  this  receiving  sys- 
tem, see  “GSFC  Relay  Test  Station  Wideband  Re- 
ceiving Subsystem”  Chapter  3. 
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Figure  2-18.— 10  kw  transmitter,  heat  exchanger,  and  power  supply. 


it  uses  an  omnidirectional  antenna.  Conse- 
quently, with  the  spacecraft  transmitter 
power  limited  to  10  watts,  the  signals  re- 


ceived at  a range  of  7000  nautical  miles  are 
extremely  weak.  Because  of  the  wide  band- 
width required  for  television,  the  system 


306 


RELAY  I — PART  II 


Figure  2-19. — 10  kw  communication  transmitter, 
block  diagram. 


Figure  2-20.-— 10  kw  transmitter  passband 
characteristics. 


noise  of  a conventional  ground  receiver  would 
be  prohibitively  high.  Despite  the  use  of 
large  steerable  parabolic  antennas  (40-foot 
dishes  in  the  case  of  the  test  stations) , sys- 
tem improvements  were  still  required.  Two 
advanced  techniques  were  used  by  STL  in 
the  design  of  the  test  stations  to  provide 
performance  beyond  that  obtainable  with 
ordinary  microwave  receivers. 

First,  a low  noise  microwave  amplifier  was 
designed  utilizing  a nitrogen  cooled  para- 
metric amplifier,  followed  by  a TWT  RF 
stage.  Secondly,  a threshold  lowering  phase- 
locked  FM  demodulator  concept  was  devel- 
oped, and  used  with  high  modulation  index 
FM.  Use  of  these  two  devices  resulted  in  a 
receiver  design  which  produced  good  TV  pic- 
tures with  receiver  carrier  power  as  low  as 
-90  dbm. 

The  overall  system  is  shown  in  Figure 
2-23. 


Figure  2-21. — Wideband  transmitter  control  racks. 


6174  MC 


Figure  2-22. — Western  Electric  TH  deviator. 


Parametric  Amplifier 

The  communications  receiver  uses  a non- 
degenerate varactor  diode,  cooled  parametric 
amplifier  (Figure  2-24) . It  is  typically  tuned 
for  a 20  to  25-Mc  bandwidth  with  a gain  of 
15  to  18  db.  Since  the  parametric  amplifier 
is  located  on  the  feed  assembly  of  the  40-foot 
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Table  2-5. — TH  Deviator  Performance 


Video  frequency  characteristics 


Input  impedance 

Video  signal  input  (synchron- 

124  ohms  balanced 

izing  pulse  negative) 

Video  amplifier  voltage  gain 

0 db 

(nominal) 

15  db  ( modified) 

Video  amplifier  gain  range— 
Video  amplifier  bandwidth  at 

10  db 

0,1  db  points-  - 

A few  cycles  to  10  Me 

Video  amplifier  output-,- 

5,5  volts  peak-to-peak 

(corresponds  to  approx  8-Mc 
deviation) 

FM  generator  characteristics 


Deviation  oscillator,  nominal 

frequency 

6174  Me 

Beating  oscillator,  nominal 

frequency,  

6100  M e 

Type  of  modulation 

Frequency 

Deviation  oscillator 

Approx  1.45  Me  (modified) 

modulation  sensitivity. 

per  volt 

Normal  frequency  deviation, _ - 

±4  Me  (modified) 

74  Me  characteristics 


Intermediate  frequency-  

74.13  Me 

TRS  IF  amplifier  input _ 

—9  dbm 

TRS  IF  amplifier  output— 

+ 12.2  dbm 

IF  output 

+ 11.5  dbm 

Bandwidth  (0.1  db  points) 

64  to  84  Me 

AFC  characteristics 


AFC  IF  amplifier  input - 

- 15.8  dbm 

AFC  IF  amplifier  output—. 

— 1 dbm  (+2  dbm  switched  at 
30  cycles) 

Reference  oscillator  frequency 

74.129  Me 

Reference  oscillator  output 

— 1 dbm  (4*2  dbm  switched  at 
30  cycles) 

AFC  loop  gain _ _ 

36  db 

AFC  control  

10  Me  shift  to  within  200  kc 

Controlled  oscillator _ , . 

Beating  oscillator  in  FM  generator 

antenna,  it  is  remotely  tuned  and  controlled. 
Noise  temperature  is  largely  determined  by 
the  fact  that  liquid  nitrogen  is  used  to  cool 
the  unit. 

Traveling  Wave  Tube 

Since  the  gain  of  the  parametric  amplifier 
is  only  15  db,  additional  noise  would  be  added 
to  the  system  if  low-noise  circuitry  were  not 
also  used  following  the  paramp.  A commer- 
cial TWT  is  used  as  an  RF  amplifier  to  pro- 
vide another  36  db  of  gain,  with  bandwidth 


Figure  2-23. — Low  noise  wideband  communication 
receiver  system. 


Figure  2-24. — Parametric  amplifier. 
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in  excess  of  60  Me.  Since  this  tube  is  selected 
for  low  noise  and  has  sufficient  gain,  the 
following  circuits  contribute  very  little  to 
system  noise. 


Mixer-Oscillator-IF 

The  TWT  is  followed  by  a mixer-oscilla- 
tor-IF  assembly.  The  4170  Me  signal  from 
the  TWT  is  mixed  with  the  crystal  controlled 
local  oscillator  to  produce  a 120  Me  inter- 
mediate frequency.  This  is  amplified  in  a 
multistage  stagger-tuned  IF  circuit.  Result- 
ing bandwidth  is  about  40  Me  (within  ± 1 
db  over  20  Me) , and  the  signal  is  increased 
to  approximately  —7  dbm  level.  An  AGC 
circuit  holds  the  signal  level  to  within  2 db. 

Phase-Lock  Demodulator 

The  phase-lock  FM  demodulator  used  in 
the  Relay  satellite  system  was  developed  by 
STL  as  an  extension  of  techniques  used  for 
correlation  detection  in  telemetry  and  Dop- 
pler-measuring systems.  It  has  the  capability 
of  demodulating  TV  video  signals  and  does 
so  with  a far  better  S/N  ratio  performance 
than  a conventional  discriminator.  Familiar 
FM  theory  (see  Figure  2-25)  shows  that 
S/N  ratio  improvement  is  obtained  in  FM 
which  increases  as  the  modulation  index  is 


Figure  2-25.— -FM  signal-to-noise  threshold  effects. 


raised.  This  is  true  as  long  as  the  signal  is 
above  a critical  minimum.  Below  this  point, 
the  FM  improvement  vanishes  rapidly.  This 
threshold  S/N  ratio  is  taken  as  +9  to  +12 
db  with  classical  limiter-discriminator  cir- 
cuitry. Unfortunately,  as  the  bandwidth  is 
increased  the  threshold  moves  up,  so  that 
stronger  signals  are  required.  With  the  phase- 
lock  demodulator,  the  threshold  is  lowered  as 
shown  by  the  dotted  lines  in  Figure  2-25, 
and  thus  the  FM  improvement  can  be  real- 
ized at  lower  signal  levels,  or  greater  devia- 
tion can  be  used  to  provide  a better  S/N 
ratio  with  the  same  threshold. 

For  the  television  link,  the  demodulator 
was  designed  to  meet  the  Relay  system  pa- 
rameters. It  was  designed  to  accept  a 120 
Me  FM  signal  from  the  antenna  mounted 
receiver  circuits  (at  —7  dbm)  with  16.4  Me 
peak-to-peak  deviation  (video  plus  sync  plus 
audio  subcarrier),  and  to  demodulate  this 
signal  into  a 1-volt  video  signal  with  fre- 
quency components  up  to  3.2  Me.  In  addition, 
the  subcarrier  frequency  of  4.5  Me  (carrying 
the  audio  modulation)  is  also  recovered,  and 
is  available  as  an  output. 

A block  diagram  of  the  demodulator  unit 
is  shown  in  Figure  2-26.  The  input  IF  ampli- 
fier includes  a delay  equalizer  adjusted  to 
correct  for  the  overall  system.  The  phase- 
lock  demodulator  section  consists  of  three 
basic  units:  VCO,  a phase  detector  which 
senses  the  phase  error  between  the  incoming 
signal  and  the  VCO,  and  a baseband  filter- 
amplifier  which  drives  the  VCO  into  phase 
synchronism. 


Communications  Receiver  System  Performance 


The  communications  receiver  system  has 
been  found  to  have  the  following  nominal 
performance : 


RF  bandwidth 
(at  3 db  points) 
Noise  bandwidth 
Receiver  noise 
temperatures 
Deviation  acceptance 
Video  bandwidth 
(3  db) 


= 25  Me 
= 32  Me 

. 120°K 
= 16.4  Me  p-p 

= to  3.2  Me 
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Video  + sync  signal 

level  :=  1 volt  p-p 

Audio  subcarrier 

output  = 4.5  Me  at  0.65  v 

Performance  of  the  phase-lock  demodula- 
tor is  difficult  to  evaluate  precisely,  but  it 
has  been  found  in  subjective  tests  that  the 
picture  quality  is  equivalent  to  that  of  a 
conventional  discriminator  having  a 5 db 
higher  S/N  ratio. 

VIDEO  SYSTEM 

Each  subsystem  of  the  wideband  equip- 
ment is  normally  subjected  to  individual 
tests,  but  the  only  way  it  can  be  determined 
that  the  entire  system  design  is  capable  of 
coping  with  the  potentially  changing  param- 
eters of  the  satellite  is  to  conduct  overall 
system  performance  tests.  Since  the  trans- 


Figure  2-26. — STL  wideband  phase-lock 
demodulator. 


mission  path  losses  vary  rather  rapidly  dur- 
ing a satellite  orbit  and  also  between  passes, 
it  is  desirable  to  perform  the  tests  in  rapid 
sequence.  Suitability  of  the  system  can  there- 
fore be  determined  almost  instantly,  and 
since  these  tests  are  repeated  routinely,  long- 
term analysis  of  the  data  is  possible.  The 
wideband  receiver  and  transmitter  systems 
have  been  designed  to  transmit  TV  and  these 
will  also  satisfy  communications  require- 
ments for  telephone,  telegraph,  facsimile,  or 
data.  Since  TV  transmission  provides  a satis- 
factory overall  test  of  the  baseband  response, 
a rapid  checkout  system  was  designed  to 
perform  a number  of  video  tests. 

A semi-automatic  test  feature  is  employed. 
Figure  2-27  shows  the  Nutley  video  console 
with  the  test  selector  switch.  For  each  posi- 
tion of  the  switch,  the  correct  modulating 
source  is  connected  to  the  TH  deviator,  and 
the  correct  monitoring  equipment  is  con- 
nected to  the  demodulator.  Also,  changes  in 
oscilloscope  sensitivity  and  sweep  rates  are 
made  automatically. 

Table  2-6  lists  the  wideband  system  per- 
formance experiments  available  at  the  Nut- 
ley  test  station.  With  the  semiautomatic  test 
feature,  a given  sequence  of  experiments  can 


*3 


Figure  2-27. — Video  test  console  (Nutley). 
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Table  2-6. — Wideband  Experiment  List 


Insertion  gain  stability  tests 

Linear  waveform  distortion  tests 

Audio 

Field  time  distortion 

Composite  video 

Line  time  distortion 

Noise  measurements 

Continuous  random  noise — video 

Short  time  distortion 
Steady  state  characteristics 

Continuous  random  noise- — audio 

Bandpass  characteristics 

Impulsive  noise — video 
Impulsive  noise— audio 

Received  carrier  power 

Periodic  noise — video 
Periodic  noise — audio 

Television  tests 

Fluctuation  noise 

Test  pattern 

Non-linearity  distortion  tests 
Line  time  nonlinearity 
Audio  distortion 

Slides 

be  performed  in  approximately  3 minutes. 

Equipment  consists  of  generators  to  pro- 
duce the  various  test  patterns,  and  the  oscil- 
loscopes, cameras,  spectrum  analyzers,  RMS 
or  peak  reading  voltmeters,  noise  weighting 
filters,  and  a video  monitor.  (See  Figure 
2-28.) 

Operationally,  for  any  given  experiment, 
the  test  position  is  selected  on  the  switch. 
The  outgoing  signal  is  photographed  on  one 
oscilloscope  and  the  return  signal  is  photo- 
graphed on  another.  The  two  photographs 
are  then  compared  visually  against  calibra- 
tion made  earlier. 

Ultimate  tests,  of  course,  are  performed 
through  the  satellite,  but  in  order  to  perform 
maintenance,  and  determine  limitations  of 
various  equipment,  it  is  desirable  to  “close 
the  loop”  in  other  ways.  A spacecraft  simu- 
lator duplicating  the  wideband  and  beacon 
systems  in  the  satellite  is  provided  at  each 
station.  The  simulator  is  either  mounted  on 
a boresight  tower  for  a true  simulation,  or 
connected  into  the  equipment  between  wave- 
guide couplers.  Other  loops  are  provided  to 
eliminate  the  need  for  operation  of  all  high 
power  equipment  to  isolate  problems.  It  can 
be  seen  in  Figure  2-29  that  a loop,  including 
all  video  equipment  but  excluding  the  wide- 
band transmitter  and  majority  of  the  re- 
ceiver, can  be  activated  by  operating  SW5. 
The  test  generator  was  developed  by  STL,  and 
uses  a linear  VCO  in  which  noise  in  varying 
amounts  can  be  mixed.  A true  test  of  the 


Figure  2-28. — Video  test  equipment. 


phase-lock  demodulator  and  video  equipment 
is  thereby  achieved.  This  loop  also  permits 
evaluation  of  the  audio  subcarrier  subsystem 
and  video  pre-emphasis/de-emphasis  net- 
works. Video  equipment  baseband  testing 
can  be  performed  by  operation  of  SW1,  SW2, 
and  SW3  or  SW4. 

Television  equipment  used  in  the  Test 
Stations  is  all  designed  to  operate  at  the 
American  standard  of  525  lines,  but  because 
of  the  requirement  to  transmit  the  audio 
subcarrier  at  4.5  Me  in  the  baseband,  the 
video  response  is  limited  to  3.2  Me  (3  db 
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Figure  2-29. — Video  test  console,  block  diagram. 


point)  instead  of  the  4.3  Me  normally  trans- 
mitted for  525  lines. 

When  the  various  tests  (shown  in  Table 
2-6)  are  conducted  they  may  be  transmitted 
through  any  of  four  possible  transmission 
loops  with  relatively  minor  differences  in 
results,  providing  that  the  system  is  operat- 
ing properly.  Some  typical  results  are  shown 
in  the  following  pages.  In  order  to  recognize 
the  different  conditions,  the  loops  have  been 
identified  as  follows: 

Loop  1:  Baseband-to  baseband 
Loop  2 : Test  generator  to  IF 
Loop  3 : Through  the  spacecraft  simulator 
Loop  4 : Through  the  spacecraft  itself. 
Each  test  result  shown  is  preceded  by  a 
block  diagram  showing  the  test  equipment 
configuration  as  selected  by  the  rotary  switch. 
The  positions  available  are  shown  in  Table 
2-7. 

Many  of  the  tests  are  noise  measurements ; 


these  and  other  tests  are  not  listed  here, 
since  this  report  was  not  intended  to  provide 
detailed  test  results. 


Table  2-7. — Test  Positions  for  WBCS 


Position 

Test 

I 

Insertion  gain — line  time  nonlinearity  2T 

2 

T pulse 

3 

2T 

4 

Continuous  random  noise 

5 

TV  test  slides 

6 

Vi  black,  lA  white 

7 

Line  time  nonlinearity  diff 

8 

Stair-step 

9 

Baseband  sweep 

10 

Envelope  delay- — baseband 

11 

Sync  nonlinearity  every  5th  line 

12 

Periodic  noise — look  with  Krohnhite 

13 

Impulsive  noise 

U 

Baseband  segment — 70  kc 

15 

“ “ 534  kc 

16 

1.248  Me 

17 

2.938  Me 

18 

T ^ 
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Figure  2-30. — Two-way  telephone  system  RF  channel  arrangement. 


FREQUENCY  DIVISION  MULTIPLEX 
TELEPHONE  SYSTEM 

General 

The  Relay  satellite  has  a narrowband  mode 
as  well  as  a wideband  mode,  selectable  by 
command.  In  the  narrowband  mode,  filters 
are  switched  in  to  divide  the  wideband  RF 
channel  into  two  channels  separated  by  10 
Me  (centered  at  4170  Me).  Although  these 
are  called  narrowband,  the  name  is  only 
proper  in  comparison  to  the  wideband  mode, 
since  each  narrowband  channel  is  2.0  Me 
wide  between  the  3 db  points,  and  can  carry 
24  or  more  telephone  channels.  The  purpose 
of  this  feature  is  to  provide  two-way  tele- 
phone capability  by  simultaneously  repeating 
both  sides  of  the  conversation  in  separate  RF 


channels.  This  is  shown  in  simplified  form  in 
Figure  2-30. 

The  plan  was  for  transmissions  from  East- 
to-West  to  use  one  RF  channel  (1723.333  Me 
up)  and  for  West-to-East  transmissions  to 
use  the  other  One  (1726.667  Me  up) . Because 
of  the  tripling  and  translation  in  the  space- 
craft, this  results  in  reception  on  the  ground 
of  East-to-West  signals  on  4164.72  Me  and 
reception  of  West-to-East  transmissions  on 
4174.72  Me.  The  resulting  IF  frequencies  in 
the  Test  Station  are  115  Me  and  125  Me  and 
by  selecting  one  or  the  other,  both  trans- 
missions can  be  monitored. 

Multiplex 

The  multiplex  equipment  used  at  Mojave 
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Figure  2-31. — Typical  telephone  multiplex  and  radio  interconnection  showing  24  channel  connections. 


(see  Figure  2-31)  was  supplied  by  Collins 
Radio,  Dallas  Division  and  is  their  modified 
type  MX106. 

The  telephone  multiplex  equipment  is  of 
the  frequency  division  type,  and  translates 
the  telephone  channels  in  SSB  form  to  the 
baseband  frequency  range  of  12  to  108  kc. 
One  group  of  12  channels  (CCIR  Group  B) 
occupies  the  range  from  60  to  108  kc ; another 
group  of  12  is  translated  to  the  12  to  60  kc 
region.  A pilot  frequency  for  synchroniza- 
tion is  transmitted  at  60  kc.  This  baseband 
then  frequency  modulates  the  transmitter 
carrier  on  one  of  the  two  RF  frequencies,  as 
previously  explained. 

This  multiplexing  scheme  is  in  accordance 
with  CCIR  recommendations  for  standard 
microwave  systems  with  the  exception  that 
greater  FM  deviations  are  used  over  the 
radio  link.  This  high  index  FM  is  used  in 
conjunction  with  frequency  following  FM 
demodulators  to  provide  improved  S/N  ratio 
performance  through  the  satellite  repeater 
in  the  same  fashion  as  is  done  for  the  wide- 
band TV  transmissions. 


The  telephone  system  parameters  are 
shown  in  Table  2-8.  Deviations  and  result- 
ing bandwidths  have  been  selected  so  that 
minimum  FM  threshold  is  achieved  and  re- 
sult in  a maximum  of  50,000  picowatts  of 
thermal  noise  in  any  telephone  channel  with 
threshold  level  signals. 

Table  2-9  shows  the  communications  link 
performance  for  a loop  test  through  the  satel- 
lite from  the  Mojave  station.  This  applies  for 
12  channels  of  Group  A or  Group  B telephone 
circuits.  Performance  on  transmissions  be- 
tween Mojave  and  Japan  will  be  better  than 
that  indicated,  because  the  Japanese  ground 
stations  have  larger  antennas. 

The  multiplex  equipment  has  an  associated 
patch  panel  permitting  rapid  changes  in 
configuration  so  that  a variety  of  different 
arrangements  can  be  tested.  For  example, 
two  groups  of  12  identical  channels  can  be 
used  on  separate  RF  frequencies,  or  one 
whole  group  can  be  translated  to  the  Group 
A baseband  frequencies  and  used  simultane- 
ously with  the  other  group  to  provide  24 
channels  on  one  RF  channel. 
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Table  2-8— Telephone  System  Parameters 


Ground-to-space 

Space-to-ground 

Group  B 

Group  A 

Group  B 

Group  A 

Baseband  frequencies.  _ 

60-108  kc 

12-60  kc 

Deviation  for  full  load 

521  kc  p-p 

389  kc  p-p 

1.57  Me  p-p 

1.17  Me  p-p 

Test  tone  at  "O'*. 

185  kc  RMS 

137  kc  RMS 

554  kc  RMS 

412  kc  RMS 

Deviation  for  X mw 

40  kc  RMS 

29.6  kc  RMS 

120  kc  RMS 

88  kc  RMS 

800  cps  at  “0”  rel  Ivl. 

Receiver  3 db  baseband  width. 

706  kc 

403  kc 

Receiver  noise  bandwidth  - _ 

2.3  Me 

1.3  Me 

Bandwidth  occupied. 

737  kc 

509  kc 

1.79  Me 

1.29  Me 

RF  frequencies 

4164.72  Me 

East  to  West. 

| 1723.333  Me 

IF =114.72 

RF  frequencies 

4174.72  Me 

West  to  East. 

1726.667  Me 

IF  = 124.72 

NOTE:  The  spacecraft  triples  the  deviation. 


Instrumentation  and  Monitoring  Facilities 

In  order  to  fulfill  the  primary  purpose  of 
the  telephone  facilities,  test  equipment  is 
provided  to  perform  communications  experi- 
ments in  accordance  with  established  plans. 
These  include  the  following  tests: 

Insertion  gain 
Noise  measurements 
Random  noise 
Impulsive  noise 
Periodic  noise 
Bandpass  characteristics 
Envelope  delay  distortion 
Intermodulation  measurements  with  noise 
Harmonic  distortion 
Crosstalk 

The  following  test  equipment  is  also  in- 
cluded in  one  trailer. 

Test  Equipment 

Ampex  Model  1300  7-track  recorder 
Siemans  Model  Rel  3D  32d  psophometer  H 
meter 

Siemans  Model  Rel  3D335  frequency  selec- 
tive voltmeter 

HP  Model  302A  wave  analyzer 
HP  Model  650A  signal  generator 
HP  Model  130BR  oscilloscope 
Marconi  noise  loading  test  set  consisting 


of: 

TF1225A  noise  receiver 
TF1226B  noise  generator 
TM5774  bandstop  filter  unit 

Fluke  Model  910A  RMS  voltmeter 

ANTENNA  AND  TRACKING  SYSTEM 
General 

Both  test  stations  utilize  40-foot,  steerable 
parabolic  antennas  for  transmission  and  re- 
ception of  communications  signals.  Figure 
2-32  shows  the  antenna  at  the  Mojave  test 
station. 

The  basic  requirements  for  the  antenna 
system  at  the  test  stations  are : 

1.  Transmit  the  1725  Me  wideband  FM 
signal  to  the  satellite. 

2.  Receive  the  4170  Me  wideband  FM  sig- 
nal from  the  satellite  and  couple  this  signal 
to  a cooled  parametric  amplifier  with  a loss 
not  to  exceed  0.7  db. 

3.  Point  the  antenna  at  the  satellite  during 
a satellite  pass  with  an  error  of  less  than 
0.05  degrees. 

Maximum  required  angular  velocity  and 
acceleration  are  tabulated  below: 

wraax  — 1 /sec 
(iimai  = 0.2°/sec2 
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Table  2-9. — Communication  Link  Performance* 
Mojave-Mojave 

12  voice  channels,  CCIR  Group  A or  Group  B 


Noise  performance  in  any  channel  referred  to  zero  relative  level 

Thermal 50,000  pw  (psoph) 

Intermodulation.  __  7,500  pw  (psoph) 

Total ....  .57,500  pw  (psoph) 


Ground-to-spacecraft 

Spacecraft-to-ground 

Frequency.  . _ _ _ 

Modulation...  _.  ... 

Transmitter  power.  . . . 

Diplexer  and  cable  loss .. 

Transmitter  antenna  gain 

Space  loss  _ . _ _ ...  ...  

Ellipticity  loss  . ....  _ 

Receiver  antenna  gain.  __  ...  

Receiver  signal  power  ... 
Receiver  noise  density _ .... 

1725  Me 
FDM/FM 
10  kw 
1 db 
44  db 
179.4  db 
1 db 
-1  db 
-68.4  dbm 
— 101.5  dbm/Mc 

4170  Me 
FDM/FM 
4 w 
1 db 
-1  db 
187.1  db 
1 db 
52  db 

— 102.1  dbm 

— 115.8  dbm/Mc 

Group 

A or  B 

A 

B 

Receiver  noise  bandwidth.  

2.3  Me 

1.30  Me 

2.29  Me 

Receiver  noise  power. 

—97.9  dbm 

-114.7  dbm 

-112.2  dbm 

Predetection  (S/N) 

29.5  db 

12.6  db 

10.1  db 

Threshold . _ . _ 

12  db 

7.4  db 

7.4  db 

Margin  ...  _ 

17.5  db 

5.2  db 

2.7  db 

Full  load  test  tone  at  zero  relative  level.  . . . 

Probability  of  overload ....  ......  

13.3  dbm 
CIO'5 

13.3  dbm 
>10'5 

Modulation-feedback  receiver  noise  bandwidth  _ ._  __ 

1.30 

2.29  Me 

Modulation-feedback  receiver  3 db  basebandwidth .... 

403 

706  kc 

i 

K = 


= + 2s-  — J 4.36 + 42.6  Jxl0-3  = 47.0  X 10- 


rad2 

Me 


*At  extreme  spacecraft  range  (7000  nmi)  and  7.5°  elevation  angle 


The  remainder  of  this  section  will  describe 
the  Mojave  antenna  system.  The  Nutley  an- 
tenna is  functionally  similar  to  the  Mojave 
antenna  except  as  noted  at  the  end  of  this 
section. 

Mojave  Antenna  System 

The  antenna  consists  of  : 

1.  A 40-foot  diameter  reflector. 

2.  An  X-Y  mount  for  the  antenna. 


3.  A feed  support. 

The  reflecting  surface  is  a paraboloid  of 
revolution  of  doubly  curved  solid  aluminum 
sheet  panels.  The  design  is  such  that  RMS 
average  deviation  from  the  least  square, 
best-fit  paraboloid  is  intended  not  to  exceed 
1/16  inch.  Antenna  surface  is  independent 
of  the  supporting  structure  so  that  it  may 
be  separately  adjusted.  Focal  length  of  the 
antenna  reflector  is  16  feet.  Antenna  mount 
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Figure  2-32.— -Mojave  test  station  antenna. 


axes  have  the  following  properties: 

1,  Pointing  accuracy  is  designed  to  be  ± 
144  seconds  of  arc 

2.  Axes  are  designed  to  be  capable  of 
tracking  at  rates  from  0 to  1 degree  per  sec- 
ond with  accelerations  and  decelerations  up 
to  1.5  degrees/sec2 

The  feed  support  is  adjustable  so  that  the 
feed  center  may  be  adjusted  to  be  on  the  axis 
of  the  reflector  to  within  ±1/32  inch.  This 
support  is  intended  to  hold  a weight  of  500 
pounds,  and  is  not  to  deflect  more  than  3/64 
inch  axially  or  laterally  in  any  antenna  posi- 
tion at  maximum  antenna  accelerations,  un- 
der the  influence  of  gravity  or  by  wind 
velocities  up  to  45  mph. 

X— Y Antenna  Coordinate  System 

A brief  discussion  of  the  Mojave  antenna 
X-Y  coordinate  system  is  in  order.  The  X-Y 
coordinate  system  can  be  envisioned  by  imag- 
ining an  azimuth-elevation  antenna  with  the 
azimuth  axis  parallel  to  the  earth’s  horizon 
(i.e.,  an  azimuth-elevation  antenna  mount 
“lying  on  its  side”).  The  X-Y  antenna  was 
conceived  by  GSFC,  so  that  the  antenna 
would  have  the  capability  of  tracking  a sat- 
ellite through  a zenith  or  direct  overhead 
pass. 


It  can  be  seen  intuitively  that  a near  zenith 
pass  over  a conventional  azimuth-elevation 
antenna  causes  the  azimuth  angular  rate  to 
increase  sharply  and,  if  automatic  tracking 
is  used,  usually  results  in  losing  lock  to  the 
satellite  tracking  beacon.  The  GSFC  X-Y 
mount,  on  the  other  hand,  can  track  an  over- 
head pass  with  ease. 


< 

u 


The  X-Y  coordinate  system  is  illustrated  in 
Figure  2-33.  The  X axis  is  oriented  north- 
south  and  is  parallel  to  the  surface  of  the 
earth.  The  X angle  is  taken  to  be  zero  when 
the  east  component  of  range  is  zero ; limits 
of  ±90  degrees  are  set  on  the  value  of  this 
angle.  The  Y angle  is  taken  to  be  zero  when 
the  North  component  of  range  is  zero;  limits 
of  ±90  degrees  are  set  on  the  value  of  the 
angle.* 

Antenna  System  Operation 

Figure  2-34  is  a simplified  block  diagram 
of  the  Mojave  antenna  subsystem. 

Tracking  is  accomplished  in  either  of  two 
modes  as  selected  by  switch  SI:  (1)  auto- 
matic tracking  of  the  satellite  4080  Me  beacon 
signal,  and  (2)  programmed  steering. 

*A.  J,  Eolinski,  D.  J.  Carlson,  and  R.  J.  Coates, 
“The  X-Y  Antenna  Mount  for  Data  Acquisition 
from  Satellites,”  IRE  Trans,  on  Space  Electronics 
and  Telemetry,  June  1962. 
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i 

1 MINUTE 
DATA 


Figure  2-34. — Mojave  antenna  subsystems. 

In  autotrack,  the  output  of  a 4kMc  track- 
ing receiver  is  coupled  to  the  antenna  servo 
input  to  drive  the  antenna.  The  tracking  re- 
ceiver derives  the  servo  error  signals  from 
conventional  monopulse  type  sum  and  dif- 
ference signals  from  the  antenna  feed.  This 
is  explained  in  later  paragraphs. 

In  the  programmed  steering  mode,  an  an- 
tenna position  programmed  steering  mode,  an 
antenna  position  programmer  (APP)  (see 
Figure  2-35)  is  used  to  generate  analog  servo 
error  signals  by  comparing  the  predicted 
antenna  angle  as  read  in  on  punched  tape, 


Figure  2-35. — Antenna  position  programmer 
and  PB-250  computer. 


with  the  actual  antenna  angle  measured  by 
an  antenna  shaft  angle  digital  encoder  (en- 
coders are  mounted  on  each  antenna  axis). 
The  punched  tape  program  is  time  encoded 
and  the  antenna  programmer  receives  a real- 
time input  from  the  time  code  generator  in 
order  to  sample  the  punched  angle  informa- 
tion at  the  correct  time.  Taped  antenna 
drive  information  is  fed  into  the  program- 
mer by  the  tape  reader.  Antenna  drive  tapes 
are  punched,  normally  several  hours  ahead 
of  a satellite  pass,  by  a high  speed  tape 
punch  driven  by  a Packard  Bell  PB-250 
computer. 

Input  to  the  computer  consists  of  satellite 
ephemeris  data  points  at  one-minute  inter- 
vals. Computer  output,  which  is  punched  on 
a paper  tape  by  the  high  speed  punch,  con- 
sists of  antenna  pointing  information  at  one- 
second  intervals  in  order  to  drive  the  APP. 

Basic  ephemeris  information  is  transmit- 
ted to  the  test  station  in  the  form  of  one 
minute  ephemeris  data  points  over  teletype 
circuits.  One-minute  data  points  are  trans- 
mitted instead  of  the  one-second  data  points 
required  by  the  APP  because  several  hours 
would  be  required  to  transmit  data  in  one- 
second  format.  GSFC  supplied  this  data  at 
one  minute  intervals  to  all  Relay  ground 
stations  and  test  stations  in  GSFC  X-Y-Z 
coordinates  (Cartesian  coordinate  system). 
As  a result,  the  higher  order  derivatives  of 
the  smoothed  data  are  lower  than  if  the 
ephemeris  were  transmitted  in,  for  example, 
the  azimuth-elevation  coordinate  system  used 
by  the  Nutley  test  station.  This  facilitates 
the  process  of  curve-fitting  which  is  per- 
formed by  the  PB-250  computer  prior  to 
interpolating  the  ephemeris  data  at  one-sec- 
ond intervals. 

Acquisition  of  the  satellite  beacon  at  the 
beginning  of  a pass  is  normally  accomplished 
with  the  tracking  system  in  the  programmed 
steering  mode.  The  mode  is  then  switched  to 
autotrack  (see  Figure  2-36  for  a view  of  con- 
trols involved). 

Programmed  steering  capability  was  in- 
cluded in  the  antenna  system  not  only  to  fa- 
cilitate acquisition  for  autotrack,  but  also  to 
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Figure  2-36.— Antenna  tracking  control  console. 


enable  GSFC  to  experiment  with  programmed 
track  as  a primary  means  of  pointing  a com- 
munications antenna.  It  is  likely  that  pro- 
grammed tracking  will  be  preferred  over 
autotracking  for  future  operations  with  a 
commercial  communications  satellite.  This  is 
true  because  the  program  track  mode  does 
not  require  the  complex  autotrack  feed  and 
diplexer  with  attendant  RF  losses  which  ef- 
fectively increase  the  receiving  system  noise 
threshold. 

Antenna  feed 

The  antenna  feed  consists  of: 

1.  A 1725  Me  transmitting  feed. 

2.  A combined  tracking  and  receiving  feed 
for  tracking  at  4080  Me  and  receiving  at 
4170  Me. 

3.  A comparator  network  for  developing 
angle  tracking  information. 

4.  A diplexer  for  separating  the  tracking 
and  wideband  communication  test  signal. 

5.  Transmission  line. 

Figure  2-37  is  a simplified  diagram  of  the 
feed.  Important  feed  requirements  are  listed 
below : 


4170  MCS  COMMUNICATION 
SIGNAL  TO  COOLED  PARAMETRIC 
AMPLIFIER 


Figure  2-37. — Mojave  antenna  feed. 
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Transmitting  feed 


Input  VSWR 

1.2:1 

Maximum  power 

10  kw 

Frequency - — — - - — 

1725  Me 

Illumination  taper 

12  ± 2 db 

Secondary  antenna  pattern.. 

44  db  gain  — 20  db  sidclobes 

Tracking  and  receiving  feed 


Frequencies. ... 

1080  Me  for  tracking  signal  4170  for 
communication  receiver 

Secondary  antenna  pattern 

51  db  gain  (sum  pattern)  35  db  null 
depth  (difference  pattern) 

Diplexer.  _ — 

23  Me  bandwidth  (to  0.1  db  points)  at 
4170  Me  1 Me  bandwidth  to  3 db 
points  at  4080  Me 

Isolation...... 

30  db  minimum  between  4080  and 
4170  Me 

Boresight  accuracy 

Within  ± 1 milliradian  to  reflector 
optical  axis 

Crosstalk 

<10  percent  between  error  channels 
between  + 6 mr  off  boresight 

Contribution  to  system 

25°  k max  due  to  antenna  sidelobes, 

noise  (when  installed  on 
a 40-foot  reflector)  . 

back  lobes  and  galactic  noise 

Loss  in  4170  Me  channel 

0.7  db  maximum 

Tracking  Receiver 

The  receiver  is  a three-channel,  amplitude 
comparison,  low  noise,  double  conversion, 
phase-lock  receiver  which  requires  conven- 
tional sum  and  difference  signals  as  inputs. 

RF  input  signals  are  supplied  to  the  re- 
ceiver by  the  monopulse  type  feed.  These 
signals  are  derived  from  the  feed  in  such  a 
manner  as  to  furnish  a phase  and  level  refer- 
erence  signal  and  two  channels  of  error  infor- 
mation, from  the  orthogonal  X and  Y planes. 
Two  channels  of  error  information  are  proc- 
essed to  provide  dc  voltages  proportional  to 
the  magnitudes  and  polarities  of  the  angle 
between  the  line-of-arrival  of  the  received 
signal  and  the  antenna  RF  boresight  axis. 

The  receiver  exhibits  the  following  per- 
formance when  operated  with  loop  noise 
bandwidths  indicated  below. 

{ = 0.5 * 

e max  = 0.35  rad 

Manual  search  provides  coverage  of  a fre- 
quency band  of  ±250  kc  (voltage  controlled 
oscillator  tuning  range)  from  the  receiver 

* i is  the  damping  factor  assumed  for  the  loop; 
e max  is  the  maximum  loop  error. 
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Noise  Bandwidth 

Threshold 

Maximum  tracking  rate 

10  cps 

- 148  dbm 

5.6  cps/sec 

30  cps 

- 143  dbm 

50  cps/sec 

100  cps 

- 138  dbm 

560  cps/sec 

300  cps 

-133  dbm 

5000  cps/sec 

1000  cps 

- 128  dbm 

56000  cps/sec 

center  frequency.  VCO  sweep  speed  is  adjust- 
able between  the  limits  of  1 and  90  seconds 
per  sweep,  and  upper  and  lower  frequency 
sweep  limits  are  adjustable  over  the  entire 
frequency  coverage  noted  above. 

AGC  tracking  loop  bandwidth  are  as  fol- 
lows: 1 cps,  3 cps  10  cps,  and  30  cps.  The 
tracking  loop  bandwith  is  defined  as  the  3 db 
frequency  of  the  AGC  low  pass  filter. 

Antenna  Position  Programmer  and  Servo 

Output  of  the  digital  encoders  is  in  gray 
code.  The  encoders  are  optical,  16-bit  en- 
coders. 

The  antenna  servo  loop  in  program  mode 
is  a sampled  data  control  loop ; the  program- 
mer samples  the  encoders  at  a sampling  fre- 
quency of  10  per  second. 

The  servo  is  a type  2 servo  and  as  such 
can  follow  a ramp  input  with  essentially  zero 
error.  Analytical  studies  conducted  during 
the  design  of  the  programmer  in  the  servo 
loop  indicated  that  overshoot  is  such  that  the 
error  is  forced  below  0.04  degrees  in  about 
0.6  seconds  following  application  of  a ramp 
input. 

-Nuthy  Antenna  System 

The  Nutley  antenna  differs  from  the  Mo- 
jave antenna  as  noted: 


Mojave 

Nutley 

Feed. 

Focal  point 

Cassegranian 

Drive 

Hydraulic 

Electric 

Mount  coordinates 

X-Y 

Azimuth-elevation 

Surface  accuracy 

Vis  inch  RMS 

Approx.  !4  inch  RMS 

TEST  STATION  CONSTRUCTIONAL  FEATURES 
General 

The  volume  of  equipment  required  in  the 
test  station  and  the  need  for  flexibility  of 


movement  of  the  station  invited  a new  con- 
ceptual design  to  be  used  for  housing  the 
equipment.  Consequently,  special  trailers 
were  designed  for  this  purpose  (Figure 
2-38) . The  Gerstenslager  Company  of  Woos- 
ter, Ohio  produced  a mechanical  design  to 
comply  with  Project  Relay  specifications.  One 


POWER  CABLE  SIGNAL  CABLE 

ENTRY  ENTRY 


Figure  2-38. — Test  station  vans  with  sides 
removed  for  joining. 


Figure  2-39. — Inside  view  of  trailers  with 
sides  removed. 
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side  of  each  trailer  is  fitted  with  removable 
panels.  These  panels  are  used  only  during 
shipment.  Panels  are  removed  at  the  site,  and 
the  two  trailers  are  mated  with  the  open  sides 
facing  each  other  to  form  a single  large  oper- 
ations area.  A gasket  and  a narrow  roof  at 
the  junction  of  the  two  trailers  are  used  to 
prevent  the  entry  of  rain.  Removable  trailer 
sides  make  it  easy  to  install  equipment  in  the 
trailers,  since  fully  assembled  racks  of 
equipment  can  be  placed  in  position  without 
the  need  to  fit  them  through  doorways  and 
down  long  aisles  (see  Figure  2-39).  It  is 
worthy  of  mention  that  future  expansion  of 
the  station  can  be  accomplished  quite  simply 
by  the  addition  of  a third  van.  This  van 


would  have  both  sides  removable  for  place- 
ment between  the  existing  vans.  If  necessary, 
18  additional  racks  of  equipment  could  be 
added  in  this  manner. 

Trailers  are  air  conditioned  by  means  of 
portable  7 1/2 -ton  capacity  air  conditioners, 
connected  by  flexible  pipe  to  a false  ceiling. 
The  false  ceiling  is  divided  into  two  longi- 
tudinal sections  ; a ceiling  portion  over  the 
racks  is  the  cold  air  inlet,  and  the  portion 
over  the  aisle  is  the  cold  air  exhaust.  Cool  air 
is  directed  downward  through  each  rack  of 
equipment  and  exhausted  into  the  room  at 
the  bottom  of  the  racks. 

The  trailers  are  quite  complete  but  do  not 
contain  some  major  equipment  items,  such  as 


RECORDING 
AND  TEST 


PATCH 

PANEL 


recording 

AND  TEST 


I DOOR 


POWER 

D1ST 


COMMAND 

AND 

TRACKING 

ANTENNA 

CONTROL 

T4C 


TELEMETRY 

RECEIVER 

AND 

DECOM 

T4B 


R.F.  TEST 
EQUIPMENT! 


TRACKING  TRAILER 


HIGH 

SPEED 

PUNCH 


I TRACKING 
CONSOLE 


TRACKING 

CONTROL 

CONSOLE 


A/C 

TRANS- 

PONDER 


POWER 

DIST 


COMMUNICATIONS  TRAILS? 


WORK 

BENCH 


RECORDING! 
AND  TEST 


DEVIATOR 
TEST  SET 
(PORTABLE) 


SPECTRUM 

ANALYZER 

(PORTABLE) 


COMM 
I RECEIVER 
CONTROLS  I 


VIDEO 

AND 

AUDIO 

COMM 

EXPER 

CIA 

VIDEO 

AND 

AUDIO 

COMM 

EXPER 

C1B 


VIDEO 

AND 

AUDIO 

COMM 

EXPER 

C1C 

COMM 

RCVR 

TEST 

EQMT 


DOOR  | ' 


Figure  2-40. — Test  station  equipment  layout  diagram. 
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the  10  kw  communication  transmitter  and 
power  supply ; these  are  located  outside.  The 
parametric  amplifier  and  converter-IF  are  in- 
stalled on  the  antenna.  Both  of  these  items, 
however,  are  controlled  from  the  van. 

FDM  telephone  equipment  is  located  in  a 
third  trailer  at  Mojave,  which  is  located  ad- 
jacent to  the  main  trailers. 

Equipment  Layouts 

From  Figure  2-40  the  plan  view  for  the 
assembled  trailer  room  may  be  seen.  The 
upper  trailer  in  the  illustration  is  the  track- 
ing trailer,  and  the  lower  one  is  the  commu- 
ications  trailer.  The  tracking  trailer  contains 
all  command,  telemetry,  and  tracking  equip- 
ment. 

The  communications  trailer  contains  the 
equipment  necessary  for  the  generation, 
transmission,  and  reception  of  wideband 
video  test  signals. 
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The  following  drawings  show  how  the 
equipment  is  installed  in  the  racks. 

Antenna  tracking  console  (Figure  2-41) 
Command  transmitter  and  Encoder  (Fig- 
ure 2-42) 

Telemetry  reception  (Figure  2-43) 
Telemetry  analog  recording  (Figure  2-44) 
Video  test  console  (Figure  2-45) 

Video  signal  generators  and  receiver  con- 
trols (Figure  2-46) 

Wideband  transmitter  (Figure  2-47) 

In  addition,  space  has  been  provided  for 
work  bench  facilities  and  the  storage  of  gen- 
eral purpose  test  equipment. 
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Figure  2-41. — Antenna  console. 


Figure  2-42, — Command  transmitter  rack. 
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Figure  2-45.— Video  test  console. 


Figure  2-43.— Telemetry  equipment  rack. 
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Figure  2-44. — Telemetry  analog  recording 
equipment. 


Figure  2-46.— Video  signal  generators  and 
wideband  receiver  control. 
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Figure  2-47. — Wideband  transmitter  control 
equipment. 


Chapter  3 


The  Relay  Test  Station 

Low  Noise  Receiving  and  Demodulation  Systems 

/cMl  ^ 

The  wideband  FM  receiving  subsystems  in  use  at  the  NASA  Goddard  Relay  Test 
Stations  are  similar  in  design  except  for  the  antennas.  Descriptions  are  presented 
of  the  equipment,  with  special  attention  directed  to  the  theory  of  operation  and  per- 
formance data  of  the  4 Gc,  liquid  nitrogen  cooled,  parametric  amplifier  and  wideband 
phase-lock  demodulator.  System  noise  temperatures  of  100°-125°  K have  been  measured 
in  accordance  with  performance  objectives.  Threshold  improvement  of  5 db  over  that 
of  a conventional  discriminator  has  been  demonstrated  by  the  use  of  the  phase-lock 
demodulator. 


INTRODUCTION 

As  a part  of  the  Relay  satellite  system 
test  stations,  the  wideband  low  noise  receiver 
was  perhaps  the  most  challenging  develop- 
ment required.  The  STL  engineers  under 
contract  to  NASA  found  it  necessary  to 
stretch  the  state-of-the-art  in  several  ways 
in  order  to  achieve  the  performance  goals 
set  by  previous  system  studies.  Fundamen- 
tally, the  first  problem  obvious  was  the  selec- 
tion and  development  of  a low  noise  input 
amplifier  to  provide  the  best  possible  signal- 
to-noise  performance.  Even  with  this,  how- 
ever, the  system  performance  calculations 
showed  the  link  to  be  marginal,  and  addi- 
tional improvement  was  required.  Because 
of  previous  experience  in  low  level  signal 
telemetry,  the  STL  engineers  conceived  a 
method  of  phase-lock  demodulation  which 
resulted  in  a threshold  which  was  appreciably 
lower  than  that  of  a conventional  FM  dis- 
criminator-type demodulator.  System  studies 
had  shown  that  frequency  modulation  was  the 


preferred  modulation  technique,  and  by 
means  of  the  threshold  lowering  demodulator, 
greater  advantage  of  the  FM  improvement 
factor  was  possible.  Consequently,  the  final 
receiving  system  uses,  in  addition  to  the  low 
noise  circuitry,  an  unusually  wide  bandwidth 
in  order  to  accommodate  the  high  modulation 
index  FM. 

High  quality  of  the  many  relayed  television 
demonstrations  has  amply  proved  the  suit- 
ability of  receiving  and  demodulation  system 
design.  These  designs,  and  the  manner  in 
which  they  were  derived,  are  presented  in 
the  following  pages.  A division  is  made  into 
two  main  sections : a)  the  low  noise  receiving 
system  which  includes  the  parametric  ampli- 
fier, the  traveling  wave  tube,  120-Mc  ampli- 
fier, control  and  monitoring  circuitry,  and  b) 
the  demodulation  system. 

LOW  NOISE  RECEIVER  SYSTEM 
Development  of  the  Low  Noise  Receiver  System 

In  the  early  stages  of  the  Relay  program, 
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the  antenna  to  be  employed  by  NASA  was 
not  specifically  defined.  The  low  noise  re- 
ceiver system,  therefore,  was  designed  to 
mount  on  any  of  the  proposed  low  noise  an- 
tenna configurations.  These  were  40,  60,  and 
85  foot  parabolic  reflectors  on  X-Y  or  azi- 
muth-elevation mounts,  with  provisions  for 
mounting  the  receiver  system  close  to  the 
antenna  feed.  Additional  considerations 
were : a)  bandpass  characteristics  to  be  com- 
patible with  the  wideband  video  signals  to  be 
received  at  4.170  Gc,  b)  a 175  degree  Kelvin 
system  noise  temperature  including  the  noise 
contributions  of  the  antenna,  feed  and  di- 
plexer  loss;  and  c)  receiver  system.  The 
receiving  system  noise  temperature  specifica- 
tion (TR*=  125°K)  satisfied  the  system  re- 
quirement for  expected  antenna  noise 
contributions. 

Figure  3-1  shows  the  state  of  the  art  in 
low  noise  amplifiers  at  the  time  the  Relay 
system  became  operational.  It  is  obvious  that 
only  the  maser  and  the  cooled  parametric 
amplifiers  would  meet  the  above  noise  temper- 
ature specifications.  The  maser  is  an  ex- 
tremely low  noise  amplifier,  but,  it  is  more 
difficult  to  maintain,  more  expensive,  and 
more  complex  than  the  cooled  parametric  am- 
plifier. Accordingly,  the  cooled  parametric 
amplifier  was  chosen  for  the  first  stage  micro- 
wave  amplifier.  A low  noise  traveling  wave 
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Figure  3-1. — State-of-the-art  of  low  noise  amplifier. 


tube,  being  compact,  stable,  reliable,  and 
economical,  was  selected  for  the  second  stage 
RF  amplifier. 

STL  was  selected  to  design  and  develop 
the  liquid  nitrogen  cooled  parametric  ampli- 
fier, and  to  purchase,  integrate,  and  package 
the  TWT,  the  remainder  of  the  microwave 
low  noise  receiver,  and  the  control  and  moni- 
toring circuitry.  Within  10  months  after  this 
selection,  the  first  low  noise  receiving  system 
was  delivered  to  Nutley,  New  Jersey,  for  in- 
stallation on  the  40-foot  Cassegrain  feed-type 
antenna. 

System  Description 

Broadband  low  noise  receiving  systems 
were  installed  at  both  the  Nutley,  New  Jer- 
sey, and  Mojave,  California  sites.  The  sys- 
tems are  nearly  identical,  packaging  being 
the  main  difference.  The  cooled  parametric 
amplifiers  themselves  were  made  alike;  each 
slides  on  rails  into  a receiver  box.  This  facili- 
tates maintenance,  since  the  parametric  am- 
plifiers can  be  removed  without  disturbing 
the  receiver  box  which  is  fastened  to  the 
antenna.  Also,  the  Mojave  paramp  can  be 
used  as  a backup  for  the  Nutley  paramp  in 
the  event  of  catastrophic  paramp  failure. 

Remote  monitoring  and  control  chassis  are 
located  in  the  communications  van  located 
approximately  within  250  feet  from  the  base 
of  the  antenna. 

The  following  is  a discussion  of  the  receiv- 
ing system  block  diagrams  of  the  Nutley  and 
Mojave  sites. 

Nutley  Receiving  System 

The  wideband  receiver  is  rack  mounted  in 
the  equipment  enclosure  on  the  40-foot  diam- 
eter paraboloid  of  the  Cassegrain  feed-type 
antenna.  The  120-Mc  receiver  and  the  low 
noise  receiving  system  chassis  are  controlled 
and  monitored  from  the  Communications 
van.  The  system  layout  is  shown  in  Figure 
3-2 ; a block  diagram  of  the  receiver  is  shown 
in  Figure  3-3. 

The  coaxial  input  to  the  low  noise  receiver 
is  connected  to  the  waveguide  switch  by 
means  of  a 9-inch  length  of  coaxial  cable  and 
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Figure  3-2— Nutley  receiving  system  layout. 


waveguide -to -coax  adapter.  A four -pole 
waveguide  switch  permits  the  input  to  the 
cooled  paramp  to  be  connected  to  the  antenna 
for  receiving,  or  to  a termination  for  tuning 
and  calibration.  System  noise  temperature  is 
monitored  at  the  input  to  the  low  noise  re- 
ceiver chassis  by  coupling  the  noise  tube  into 
the  system  with  an  18-db  directional  coupler. 
The  cooled  paramp  is  operated  at  15  db  gain 
and  greater  than  20  Me  bandwidth.  Paramp 
bias  supply  and  motorized  tuning  controls 
are  located  in  the  Communications  van.  Sig- 
nal power  at  4170  Me  is  split  and  fed  through 
isolators  to  the  IT&T  facility  and  to  the  120- 
Mc  receiver.  Power  out  of  the  120-Mc  re- 
ceiver is  nominally  +3  dbm  and  is  fed  to  the 
demodulator  by  a length  of  RG14  coaxial 
cable.  Liquid  nitrogen  is  fed  to  the  antenna 
mounted  equipment  under  pressure  through 
an  insulated  line  from  the  base  of  the  antenna 
(Figure  3-4).  The  insulated  line  is  discon- 


nected at  the  azimuth  table  to  permit  antenna 
movement  after  the  Dewar  is  filled  with  liquid 
nitrogen. 

Figure  3-5  shows  the  front  and  top  views 
of  the  low  noise  receiver  chassis  with  slides 
on  the  side  for  mounting  in  the  antenna 
equipment  enclosure.  Vent  and  fill  ports  for 
liquid  nitrogen  are  shown  on  the  side  of  the 
enclosure. 

A computer  program  was  used  to  calculate 
thermal  conditions  expected  in  the  enclosure 
for  system  operating  during  a hot  day,  when 
the  rays  of  the  sun  beat  directly  on  the  re- 
ceiver enclosure.  Maximum  average  air  tem- 
perature inside  the  enclosure  was  computed 
to  be  58°C. 

Mojave  Receiving  System 

Shown  in  Figure  3-6  is  the  Mojave  receiv- 
ing system  block  diagram.  This  system  is 
basically  the  same  as  the  Nutley  system  ex- 
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Figure  3-3. — N utley  receiving  system,  block  diagram. 
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GROUND  MOUNTED  EQUIPMENT 


ANTENNA  MOUNTED  EQUIPMENT 


Figure  3-4. — Liquid  nitrogen  circulation  system. 


cept  that  the  output  of  the  TWT  is  not  split. 
Packaging  is  entirely  different,  however.  The 
receiver  at  Mojave  is  mounted  beyond  the 
apex  of  the  quadrapod  holding  the  feed  in 
front  of  the  paraboloid  as  shown  in  Figure 
3-7.  Figure  3-8  illustrates  the  component 
placement  in  the  receiver  enclosure ; the 
cooled  parametric  amplifier  has  been  re- 
moved. For  filtering  all  incoming  lines  and 
outgoing  monitoring  and  control  signals,  a 
filter  box  is  mounted  on  the  side  of  the  en- 
closure. Directly  below  the  filter  box  are  the 
liquid  nitrogen  venting  and  filling  ports. 

The  120-Mc  receiver  is  mounted  in  the  top 
rear  of  the  enclosure  by  four  bolts.  Care  was 
taken  to  insure  that  the  weight  and  center  of 
gravity  of  the  enclosure  was  precisely  as  pre- 
dicted ; this  data  was  supplied  to  the  antenna 
designers  early  in  the  development  stage. 

System  Design  and  Performance 

This  section  discusses  design  and  perform- 
ance of  the  liquid  nitrogen  cooled-parametric 


amplifier,  the  TWT  and  120-Mc  receiver,  and 
the  control  and  monitoring  circuitry.  System 
design  specifications  were  as  follows : 

• Antenna  mounted  (on  almost  any  style 
of  antenna) . 

• Remotely  controlled. 

• Frequency — 4170  Me. 

• Gain  (paramp) — 15  db. 

• Bandwidth  (3  db)  design  goal — 60  Me. 

• Overall  receiver  noise  temperature  — 
<125°K  (at  input  to  circulator). 

• Antenna  ambient  temperatures  as  lo- 
cated on  East  and  West  Coasts  of  the  U.S. 

• The  receiving  system  may  consist  of  a 
cooled  parametric  amplifier  for  the  first  RF 
amplifier  and  a low  noise  TWT  for  the  sec- 
ond RF  amplifier. 

• Bandwidth  of  the  RF  amplifiers  must  be 
such  that  no  degradation  is  noticeable  on 
wideband  video  signals. 

• Gain  of  the  parametric  amplifier  must 
reduce  the  second  stage  system  noise  con- 
tribution. 
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Figure  3-5. — Nutley  low  noise  receiver  chassis. 


Cooled  Parametric  Amplifier 

Varactor  Design 

Parametric  amplification  is  the  process  by 
which  energy  is  transferred  from  a “pump” 
through  a nonlinear  or  time-varying  element 
to  the  signal  to  be  amplified.  The  Relay  am- 
plifier utilizes  a variable  capacitance  (var- 
actor) diode  as  the  nonlinear  element. 
Capacitance  is  made  to  vary  with  the  applica- 
tion of  a pump  voltage  across  the  varactor. 
When  a signal  interacts  with  the  reactive 
element  varying  at  the  pump  frequency,  other 
frequency  components  are  generated.  If  the 
idler  frequency  (pump  minus  the  signal  fre- 
quency) is  allowed  to  flow,  a negative  resist- 
ance is  generated  yielding  the  possibility  of 
high  gain  or  undesired  oscillation. 

Figure  3-9  shows  the  reactance  variation 
of  two  varactors  tested  in  the  paramp.  A dc 
bias  is  selected  for  the  varactor  such  that  an 
equal  reactance  change  occurs  as  pump  volt- 
age is  applied  on  the  dc  bias.  The  varactor 
is  not  pumped  hard  enough  to  draw  current 
in  either  forward  or  reverse  directions. 
Therefore,  the  main  source  of  noise  in  the 
amplifier  is  thermal  noise  of  the  circuit  losses 
and  that  caused  by  varactor  spreading  re- 
sistance. To  minimize  this  noise  the  varactor 
must  be  cooled. 

At  the  time  of  amplifier  design,  very  little 
specific  data  was  available  on  the  effects  of 
cooling  varactors.  The  paramp  was  accord- 
ingly designed  to  accept  most  commercially 
available  varactor  types  (Figure  3-10),  and 
also  to  operate  at  both  ambient  and  liquid 
nitrogen  temperatures.  This  necessitated  pro- 
vision of  a remote  tuning  mechanism  so  that 
the  paramp  could  be  operated  on  the  antenna 
in  either  the  uncooled  or,  more  sensitive, 
cooled  mode  of  operation. 

Figure  3-11  is  a cutaway  of  the  paramp 
designed  to  meet  these  requirements.  Figure 
3-12  is  the  block  diagram  of  the  paramp  and 
pump  circuit.  Actual  development  was  based 
on  theoretical  considerations  given  in  this 
paper  and  the  experience  experimentally 
gained  in  building  and  testing  parametric 
amplifiers. 
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Figure  3-6. — Mojave  receiving  system,  block  diagram. 


Figure  3-7.— Receiver  mounting  on  the  Mojave 
antenna. 


Theoretical  Considerations 

Theoretical  analyses  were  performed  to 
determine  the  minimum  noise  temperature 
achievable  for  a 4.2  Gc  signal  frequency  and 
for  selection  of  the  best  varactor  diodes  com- 
mercially available.  The  analysis  of  Kuro- 


Figure  3-8. — Mojave  receiver  enclosure. 
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VARACTOR:  SOLRAC 


Figure  3-9.~— Varactor  reactance  variations. 


Figure  3-11. — Paramp  cutaway. 


Te(min)  = 


1 + Qi2 


0)2 


kawa  and  Uenohara  on  varactors  was 
expanded  for  the  Relay  paramp.  Figure  3-13 
shows  the  minimum  noise  temperature  of  the 
amplifier  for  a given  diode  and  pump  fre- 
quency. Equations  involved  in  the  plot  are  : 


Q i 


Q i 


l 
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4 PORT  FERRITE  CIRCULATOR 


Figure  3-12. — Paramp  and  pump  circuit  block  diagram. 


C0  = Capacitance  of  varactor  at  bias 
point 

Ci  = maximum  capacitance  change 
from  C0  due  to  pumping  the 
varactor 

= Q of  the  varactor  at  C0  and  the 
signal  frequency 

Qi  = dynamic  Q of  the  pumped  varactor 

Rs  = series  resistance  of  the  varactor 

Te  = minimum  equivalent  noise  temper- 

ature of  the  amplifier 

Ts  = temperature  of  the  diode  resist- 
ance 

— /i  = signal  frequency 

= f2  = idler  frequency 

^7T 

— /3  — pump  frequency 


Assumed  values  are  : 

Ta  = 90  °K 

y = 0.5 

fi  .==  4.2  Gc 

Qi  ==  22.5  at  zero  bias 

= 34.3  at  — 2 volts  bias 

Figure  3-13  assumes  that  all  impedances 
are  adjusted  for  a minimum  noise  figure. 
Using  these  assumed  values,  the  minimum 
amplifier  noise  temperature  versus  pump 
frequency  can  be  obtained.  It  may  be  noted 
that  there  is  an  optimum  pump  frequency 
for  minimum  noise  temperature,  and  also 
that  the  slope  of  the  curves  for  high  Q diodes 
is  very  small  for  a large  range  of  pump  fre- 
quencies. 

For  the  zero-biased  diodes  with  a realistic 
Q of  22.5,  minimum  noise  temperature  is 
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Figure  3-13. — Paramp  noise  temperature  achievable. 


35.4°K  for  the  optimum  pump  frequency  of 
25  Gc.,  and  40.4°K  for  a pump  frequency  of 
18  Gc  For  a lower  Q diode,  the  optimum 
pump  frequency  approaches  18  Gc. 

Pump  frequency  was  chosen  as  18  Gc  and 
was  to  be  generated  by  a 9 Gc  klystron  fol- 
lowed by  a varactor  frequency  doubler.  This 
decision  was  based  on  factors  such  as  avail- 
able diodes,  high  cost  and  low  power  of  high 
frequency  klystrons,  and  longer  life,  superior 
stability,  higher  power,  lower  cost,  and  short- 
er delivery  time  for  tubes  at  9 Gc  compared 
to  those  available  at  much  higher  frequencies. 
Also,  the  pump  circuit  mechanical  tolerances 
are  less  critical  at  18  Gc  than  at  25  Gc. 

A varactor  doubler  was  designed  and  built 
with  the  following  performance  character- 
istics : 

Input  frequency:  9 Gc 

Output  frequency:  18  Gc 


Input  power : 500  mw 
Output  power:  120  mw 
Varactor 
Microstate 

Equivalent  to  No.  MS2545 
Capacitance  1 pf  at  0 volts 
A plan  to  use  the  varactor  doubler  was 
dropped,  however,  due  to  a tight  schedule  for 
packaging  and  refining  the  design,  and  be- 
cause a low  cost  18-Ge  klystron  tube  suitable 
for  this  application  became  available.  This 
tube  was  employed  with  excellent  results. 

At  17.3  Gc.,  the  klystron  power  into  an 
optimum  load,  provided  by  screw  tuners  is 
255  milliwatts ; power  is  remotely  controlled 
by  a cam-driven  resistive  vane  attenuator. 
Directional  couplers  and  crystal  detectors  are 
used  to  monitor  pump  power.  Parametric 
amplifier  stability  is  predominantly  deter- 
mined by  klystron  power  and  frequency  sta- 
bility; Figure  3-14  shows  dependence  of  the 
parametric  amplifier  gain  upon  pump  power. 
A change  in  pump  frequency  shifts  the  signal 
passband  characteristics  of  the  amplifier  but 
can  cause  instability.  Klystron  frequency 
stability  is  high  when  the  tube  temperature 
remains  below  150°C.  Thermal  data  of  the 
receiving  system  and  enclosure  were  fed  into 
a computer.  The  receiver  enclosure  maxi- 
mum ambient  air  temperature  of  58°C  and 
the  blower  requirements  to  keep  the  klystron 


-0.6  -0.4  -0.2  0 0.2  0.4  0.6 

RELATIVE  PUMP  POWER  (db) 

Figure  3-14. — Paramp  gain  vs.  pump  power. 
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temperature  at  less  than  150°C  were  com- 
puted. 

For  50  cfm  of  ambient  air  (58°C)  in  a 4 
square-inch  duct  flowing  on  the  tube,  the 
maximum  klystron  temperature  was  125  °C. 
Without  the  blower,  the  maximum  tube  tem- 
perature was  300°C.  Experimentally,  it  was 
found  that  for  an  ambient  temperature  of 
23°C  and  a blower  capacity  of  100  cfm  in  a 
9 square-inch  duct,  the  maximum  tube  tern* 
perature  with  filaments  on  is  36°C,  and  when 
operating  is  70  °C.  Therefore,  a blower  was 
required  to  keep  the  tube  below  150  °C  for 
best  klystron  stability. 

Circulator  Design 

In  order  to  effectively  use  a low  noise  am- 
plifier, the  losses  prior  to  the  amplifier  must 
be  minimized.  Melabs  designed  a low  loss 
4-port  ferrite  circulator  for  coupling  the  sig- 
nal into  and  out  of  the  parametric  amplifier. 
The  circulator  isolation  characteristic  versus 
temperature  is  shown  in  Figure  3-15.  The 
insertion  loss  remains  less  than  0.15  db  at 
4170  Me  from  the  antenna  port  to  the  paramp 
port.  For  all  expected  temperatures  the  cir- 
culator maintains  > 29  db  isolation.  This  is 
required  for  gain  stability.  The  varactor  bias 
is  applied  through  the  termination  on  the  4th 
port  of  the  circulator.  The  termination  con- 
sists of  a deposited  film  resistor  on  the  center 
conductor  with  a slug  inserted  behind  the 
resistance  which  gradually  tapers  from  the 
outer  conductor  to  the  inner  conductor.  Man- 
ufacturing tolerances  on  the  slug  are  such 
that  a 1 mil  thick  polyester  film  electrical  tape 
may  be  wrapped  about  the  slug,  keeping  the 
center  conductor  and  outer  conductor  from 
shorting  without  affecting  the  operation  of 
the  termination  at  microwave  frequencies. 

Cryogenic  Circuit  Design 

The  cryogenic  circuitry  was  a major  design 
effort.  One  method  which  was  studied  was 
the  possibility  of  cooling  the  paramp  thermo- 
electrically  to  200°K.  It  was  found,  however, 
to  be  simpler  and  less  expensive  to  design 
a liquid  nitrogen  system  providing  cooling  to 
77  °K.  In  addition  to  simplicity  and  lower 
cost,  there  is  a noise  figure  improvement  in 


Figure  3-15.— Circulator  isolation  characteristic 
VS.  temperature. 


cooling  from  200°K  to  77°K,  although  not  as 
much  as  the  initial  cooling  to  200 °K. 

Once  the  decision  to  cool  with  liquid  nitro- 
gen was  made,  a choice  of  open  cycle  or  closed 
cycle  was  necessary.  For  the  purposes  of  Re- 
lay, the  open  cycle  system  was  the  most  eco- 
nomical, and  at  the  time,  the  simplest  to 
design  and  maintain  in  the  field. 

The  delivery  schedule  precluded  extensive 
custom  Dewar  construction,  so  a Hoffman 
Laboratory  stainless  steel  Dewar  was  se- 
lected. Stainless  steel  construction  rather 
than  glass  was  chosen  to  permit  rough  han- 
dling during  transportion,  installation,  and 
removal.  The  8 % inch  inside  diameter  ac- 
cepted the  existing  uncooled  breadboard  par- 


340 


RELAY  I — PART  II 


AMBIENT  2 A°C 


amp  with  a minimum  of  alteration,  and  13.6 
liter  capacity  was  considered  sufficient  for  a 
reasonably  long  life  system. 

Since  the  Relay  paramp  was  antenna 
mounted,  it  was  necessary  to  design  a suitable 
Dewar  cap  to  permit  tipping  the  paramp 
assembly  without  leaking,  or  causing  exces- 
sive evaporation  of  the  liquid  nitrogen.  Due 
to  the  extremely  low  temperature  (77°K) 
and  low  viscosity  of  liquid  nitrogen  (0.15  vs. 
water  at  1.0),  design  of  a rather  unique  cap 
and  sealing  mechanism  was  necessary  (see 
Figure  3-16) . The  cap  consisted  of  a phenolic 
shell,  filled  with  a 3-inch  thick  piece  of  styro- 
foam fitting  on  top  of  the  sealing  mechanism. 
Styrofoam  proved  to  be  a very  effective  in- 
sulator in  this  application. 

The  sealing  mechanism  consists  of  two 
large  diameter  stainless  steel  plates,  arranged 
so  that  they  can  be  drawn  mechanically  to- 
ward one  another  after  installation  in  the 
Dewar.  Sufficiently  high  force  is  generated 
when  the  plates  are  forced  together  to  cause 
the  teflon  washers  separating  them  to  “cold 
flow”  radially  and  thus  tightly  hug  the  inside 
of  the  Dewar,  filling  all  imperfections  in  the 


Dewar  itself.  When  properly  installed  this 
form  of  gasket  proved  to  be  a very  effective 
seal  for  liquid  nitrogen. 

Evaporation  rates  of  the  Dewar  with  and 
without  cap  and  at  different  attitudes  is 
given  in  Figure  3-17.  Eight  to  twelve  hours 
between  necessary  filling  operations  is  con- 
sidered reasonable. 

Figure  3-18  is  a photograph  of  the  Relay 
parametric  amplifier  body.  The  coaxial  input 
is  located  on  the  top  of  the  Dewar  lid ; a thin 
walled  stainless  steel  coaxial  waveguide  goes 
through  the  Dewar  lid  to  the  varactor  hous- 
ing. The  coaxial  and  rectangular  waveguides 
extending  through  the  Dewar  cap  are  con- 
structed of  thin  wall  stainless  steel  to  mini- 
mize the  loss  of  heat.  Figure  3-19  shows  the 
parametric  amplifier  body  mounted  on  the 
underside  of  the  Dewar  cap  sealing  plate.  The 
signal  tuner  drive  used  to  resonate  the  signal 
circuit  and  the  Kn  tuner  drive  mechanisms 
used  to  resonate  the  idler  circuit  are  also 
shown.  The  complete  paramp  assembly  with 
the  Dewar  in  place  is  shown  in  Figure  3-20. 

The  paramp  is  cooled  by  both  conduction 
and  convection.  To  prevent  any  liquid  nitro- 
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Figure  3-20.— Complete  paramp  assembly. 

gen  from  leaking  into  the  RF  circuitry  par- 
amp  body  is  pressurized  with  dry  helium 
gas.  Dry  helium  is  pre-cooled  through  a cop- 
per tube  coiled  in  the  Dewar  prior  to  enter- 
ing the  paramp  cover. 

Since  the  sealing  of  waveguide  joints  and 
tuning  mechanisms  are  difficult,  a cover  is 
provided  to  slip  over  the  paramp  and  tuning 
mechanisms.  Helium  is  vented  at  the  top  of 
the  Dewar  cap  on  the  pump  waveguide  for 
purging  the  system  of  moisture  prior  to  cool- 
ing the  paramp. 

The  liquid  nitrogen  level  is  monitored  re- 
motely in  the  test  station  van.  Since  the 
receiver  had  a requirement  for  operating  on 
various  antenna  mounts,  a level  detecting 
system  had  to  be  capable  of  providing  indica- 
tion even  when  the  receiver  was  rotated  or 
tipped  to  the  horizon  in  any  direction.  A 
cylindrical  parallel  plate  capacitor  was  chosen 
since  the  Dewar  was  cylindrical.  The  capaci- 
tance is  varied  by  the  change  in  dielectric 
constant  of  the  liquid  between  the  plates. 


Figure  3-17. — Dewar  evaporation  rates. 


Figure  3-18. — Paramp  body. 


Figure  3-19. — Paramp  mounted  on  Dewar  cap. 
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Figure  3-21.- — Liquid  nitrogen  level  detector  schematic. 


Most  commercial  liquid  level  detector  units 
have  small  diameters  and  would  not  record 
liquid  level  for  all  attitudes  of  the  Dewar. 

The  outside  diameter  of  the  parallel  plate 
capacitor  was  thus  constructed  to  be  slightly 
smaller  than  the  inner  Dewar  diameter.  Ca- 
pacitance of  the  liquid  level  capacitor  was 
1160  pf  when  empty,  and  1590  pf  when  the 
Dewar  is  full  of  liquid  nitrogen.  This  ca- 
pacity controls  the  frequency  of  a unijunction 
oscillator  which  is  then  discriminated,  and 
converted  to  dc  level  proportional  to  the  liquid 
level  in  the  parallel  plate  capacitor.  Figure 
3-21  is  the  schematic  of  this  liquid  nitrogen 
level  detector. 

Since  it  is  inconvenient  to  extend  the  ca- 


pacitor plates  to  the  top  of  the  Dewar,  a 
thermistor  is  used  in  a self -heating  mode  to 
indicate  that  the  liquid  level  is  at  the  top. 
The  self -heating  mode  of  operation  depends 
on  the  change  in  thermal  conductivity  of  the 
medium  surrounding  the  thermistor.  The 
thermistor  is  biased  such  that  a stable  ther- 
mistor temperature  is  established  when  it  is 
immersed  in  the  liquid  nitrogen  but  not  when 
surrounded  by  cold  nitrogen  gas,  since  the 
thermal  conductivity  of  the  cold  gas  is  less 
than  the  liquid.  Figure  3-22  shows  the  cir- 
cuit used  to  light  the  system  monitor  lamp, 
when  the  liquid  level  has  reached  the  ther- 
mistor. When  the  lamp  is  lit,  the  liquid  level 
indicator  can  be  calibrated. 


v RELAY  TEST  STATION  LOW  NOISE  RECEIVING  AND  DEMODULATION  SYSTEMS 


343 


4.  R8  TR1MPOT  - TYPE  236L-1-502,  BOURNS 

5.  WITH  THERMISTOR  IMMERSED  IN  LIQUID  NITROGEN, 

ADJUST  R8  TO  SET  TEST  POINT  1 TO  15V 

Figure  3-22.- — Monitor  panel  light  circuit. 


Tuning  Mechanism 

Tuning  of  the  signal  and  Ku  band  short 
are  accomplished  remotely  by  motor  and  gear 
box  drives  mounted  on  the  outside  of  the 
Dewar  cap.  The  activator  which  moves  the 
Ku  short  is  itself  mounted  within  the  Dewar 
in  the  cryogenic  environment.  Power  is 
transmitted  between  the  gear  box  and  the 
activator  by  a slender  stainless  steel  rod,  thus 
minimizing  heat  loss.  The  activator  consists 
of  a lead  screw,  a bushing  supported  both  top 
and  bottom,  with  a nut  mounted  on  the  screw 
threads.  The  nut  is  restrained  from  rotating, 
so  that  it  moves  up  and  down  the  length  of 
the  lead  screw  as  the  screw  rotates.  This 
movement  of  the  nut  is  used  to  actuate  suit- 
able levers  which  moves  the  shorting  piece. 

The  lead  screw  consists  of  approximately 
one  inch  of  10-32  threads,  with  a 3/32  inch 
bearing  surface  turned  on  the  shaft  above  the 
threads.  Backlash  in  the  system  is  minimized 
by  selection  and  fitting  of  the  bearing  diam- 
eters and  the  nut  and  thread  combination. 
The  lead  screw  rotates  at  1 rpm  when  tuning. 

The  lead  screw  bearing  surfaces  are  mount- 
ed in  Teflon  bearings.  Stainless  steel  was 
originally  used,  in  order  to  maintain  uniform 
coefficients  of  thermal  expansion  of  all  parts 


over  the  extreme  temperature  range  encount- 
ered by  the  device  (approximately  220°C), 
but  the  support  bearings  were  changed  to 
Teflon  when  galling  was  encountered  with 
the  stainless  steel  units.  For  the  same  rea- 
son, the  nut  mounted  on  the  lead  screw  was 
changed  from  stainless  steel  to  brass;  the 
lead  screw  is  lubricated  with  dri-film  lubri- 
cant. 

An  identical  parametric  amplifier  has  been 
in  use  for  the  same  period  of  time  at  another 
site.  Here  the  activators  are  all  stainless 
steel  and  have  operated  satisfactorily  at  am- 
bient temperature  (24°C)  for  a period  of  58 
weeks  without  difficulty. 

The  parametric  amplifier  performance 
measured  at  Nutley  after  nine  months’  serv- 
ice in  the  field  is  tabulated  below. 

Equivalent  noise  Gain 

Temp  (°K)  (db ) 

Paramp  75  to  89  18 

Bandwidth  (Me) 

24  with  gallium  arsenide  and 
silicon  varactors 

TWT  and  120-Mc  Receiver 

The  noise  figure  of  a low  noise  receiver  is 
determined  predominantly  by  the  first  stage 
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of  amplification.  Second  stage  noise  figure 
contribution  to  the  receiver  noise  is  reduced 
by  the  gain  of  the  first  stage.  The  Relay 
receiver  design  allowed  the  second  stage 
noise  figure  to  be  less  than  5.5  db. 

TWT 

A traveling  wave  tube  was  selected  as  a 
second  stage  amplifier  because  of  its  relia- 
bility, low  cost,  and  availability.  A General 
Electric  ZM-3113  traveling  wave  tube  was 
ordered  with  the  following  specifications : 
Frequency  range : 4.10  to  4.25  Gc 
Noise  figure:  <5.5  db 
Gain  : >30  db 

Manufacturer’s  test  data  showed  that  the 
tubes  exceeded  the  above  specifications.  Tests 
agreed  on  all  measurements  except  the  noise 
figure;  gain  was  typically  36  db.  Figure  3-23 
shows  a gain  versus  frequency  plot  for  one 
of  the  tubes.  The  noise  figure  was  measured 
at  4.17  Gc  with  a noise  tube  and  a 120-Mc 
IF  strip.  The  noise  figure  measured  6.6  db 
to  6.8  db.  A hot-cold  load  was  also  used,  and 
a 6.7  db  noise  figure  was  obtained.  An  image 
rejection  filter  was  mounted  after  the  travel- 
ing wave  tube  to  prevent  image  noise  from 
entering  the  mixer,  and  the  same  noise  fig- 
ures were  measured.  System  threshold  meas- 
urements also  indicated  the  traveling  wave 
tube  noise  figure  was  6.5  to  7.0  db.  This  was 
the  only  “cut  of  specification”  measurement 
finally  accepted. 

120-tAc  Receiver 

The  120-Mc  receiver  included  a varactor 


4.0  4.1  4.2 

FREQUENCY  (gc ) 

Figure  3-23. — TWT  gain  vs.  frequency  plot. 


multiplier  chain  for  the  local  oscillator  source 
to  convert  4.17  Gc  to  120  Me.  Approximately 
80  db  of  gain  is  available  at  120  Me.  Output 
of  the  120  Me  receiver  with  AGC  is  approxi- 
mately +3  dbm.  Receiver  gain  is  flat  within 
± 1 db  over  a 40-Mc  bandwidth  (100  to  140 
Me). 

Control  and  Monitoring  Circuitry 

The  control  and  monitoring  circuitry  units 
are  rack  mounted  in  the  Communications  van 
racks,  as  shown  in  Figure  3-24;  the  system 
monitor  panel  is  shown  in  Figure  3-25. 

Liquid  nitrogen  filling  of  the  Dewar  is 
accomplished  by  throwing  the  liquid  nitrogen 
feed  control  switch  to  the  VENT  position. 
Then  the  switch  is  thrown  to  FILL,  and  the 
liquid  flows  into  the  Dewar  (see  Figure  3-4) . 
The  lamp  marked  FULL  is  activated  by  a 
thermistor  sensor  at  the  top  of  the  Dewar,  as 
previously  described.  The  balanced  crystal 
mixer  currents  are  monitored  as  well  as  the 
AGC  voltage  in  the  120-Mc  receiver.  A noise 


Figure  3-24. — Paramp  control  circuitry  and  power 
supply  equipment  rack. 
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mixer  converts  the  120  Me  IF  frequency  to 
30  Me  for  the  Hewlett  Packard  system  noise 
temperature  monitor ; the  parametric  ampli- 
fier tuning  panel  is  shown  in  Figure  3-26. 
The  PUMP  ATTENUATOR  switch  varies 
the  pump  power  while  the  SIGNAL  TUNER 
control  resonates  the  signal  circuit  of  the 
paramp.  The  Ku  SHORT  switch  tunes  the 
idler  circuit.  The  SHF  signal  generator  is 
used  for  calibration  purposes,  and  a spectrum 
analyzer  displays  the  received  spectrum.  A 
switch  is  provided  on  the  receiver  monitor 
panel  to  actuate  the  waveguide  switch  at 
the  input  to  the  low  noise  receiver.  A quick 
relative  system  noise  performance  check  is 
made  by  switching  the  antenna  and  a ter- 


Figure 3-25. — Paramp  system  monitor  panel. 


Figure  3-26.' — Paramp  tuning  panel. 


mination  at  ambient  temperature  to  the  re- 
ceiver input  and  observing  the  change  in 
output  noise  power  with  a field  intensity 
meter. 


Low  Noise  Receiver  System  Performance 

(System  performance  as  measured  at  Nutley  after 
nine  months  service  in  the  field) 


Noise 

Figure 

(db) 

Equiva- 

lent 

noise 

temp 

(°K> 

Gain 

(db) 

Band- 

width 

(Me) 

Low  noise 
receiving 

2.4 

214 

15 

26 

Paramp  uncooled 

system 

1.36 

107 

18 

20 

Paramp  cooled 

DEMODULATION  SYSTEM 

Development  of  the  Wideband  Phase-Lock 
Demodulator 

The  phase-lock  FM  demodulator  for  Relay 
television  reception  is  an  extension  to  ultra- 
wide-bandwidth  techniques  previously  in  use 
for  improving  synchronization,*  telemetry,** 
and  Doppler -measuring  systems.  Where 
varying  signal  strengths  are  encountered, 
such  as  in  satellite  transmission  links  with 
limited  transmitter  power,  operation  at  low 
carrier  levels,  i.e.,  below  the  threshold  of  the 
conventional  discriminators  it  is  desirable  to 
extend  the  visibility  period  during  which  the 
demodulated  signal  is  of  useful  quality. 

A familiar  property  of  frequency  modula- 
tion is  the  exchange  of  bandwidth  for  in- 
creased output  signal-to-noise  ratio.  For 
wide  deviations,  this  “FM  improvement” 
over  an  amplitude  modulation  system  of  the 
same  transmitted  power  is  proportional  to 
the  square  of  the  modulation  index.  How- 
ever, this  improvement  is  only  available 
above  a minimum  earrier-to-noise  C/N  level. 
Below  this  minimum  threshold  which  de- 
pends on  the  particular  detection  circuit  used, 
the  FM  improvement  vanishes  rapidly. 

*An  early  analysis  is  by  Edouard  Labin,  “Theorie 
de  la  Synchronisation  par  Controle  de  Phase,”  Philips 
Research  Reports,  August  1949,  pp.  291-315. 

**Wolf  J,  Gruen,  “Theory  of  AFC  Synchroniza- 
tion,” Proc.  IRE,  August  1953,  pp.  1043-1048. 
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Bandwidth  occupied  by  the  transmitted 
FM  spectrum  is  approximately  2 (A F + fm)  > 
where  AF  is  the  peak  deviation,  and  fm  is  the 
maximum  modulation  frequency.  Since  the 
predetection  bandwidth  in  the  receiver  must 
be  sufficiently  wide  to  pass  this  spectrum 
without  distortion,  a considerable  portion  of 
the  receiver  front-end  noise  will  be  present 
in  the  detector  nonlinear  characteristic,  lead- 
ing to  interaction  between  the  signal  and 
noise.  The  region  of  input  C/N  ratios  where 
interaction  becomes  important  is  at  the 
threshold  of  the  detection  system. 

Lowering  of  threshold  is  the  target  of 
feedback  detection  techniques,  such  as  the 
phase-lock  demodulator  and  the  frequency- 
feedback  demodulator. 

Comparison  of  Phase-Lock  and  Frequency- 
Feedback  Demodulators 

The  phase-lock  demodulator  feedback  loop 
causes  a local  voltage-controlled  oscillator 
(VCO)  to  track  the  instantaneous  phase  of 
the  incoming  signal;  the  voltage  controlling 
the  VCO  is  then  proportional  to  the  instanta- 
neous frequency  and  is  therefore  the  desired 
output.  The  loop  maintains  phase  tracking 
at  a C/N  in  a noise  bandwidth  which  is  lower 
than  the  threshold  C/N  of  a limiter-discrim- 
inator. The  difference  between  these  C/N 
levels  is  the  threshold  improvement  available 
from  phaselock  demodulation.  Frequency- 
following  demodulators  cause  the  VCO  to  fol- 
low the  instantaneous  frequency  of  the  signal, 
producing  a compressed  spectrum  of  the  mod- 
ulated carrier  which  may  further  be  filtered 
in  a narrower  loop  IF.  This  raises  the  C/N 
above  the  threshold  of  the  loop  discriminator. 

Analyses  have  been  made  showing  that  for 
optimally-designed  phase-lock  and  frequency- 
feedback  demodulators,  threshold  improve- 
ments available  are  comparable.  The  phase- 
lock  system  was  chosen  for  development  at 
STL  because  of  the  inherently  simpler  nature 
of  the  units  which  make  up  the  phase-lock 
loop. 

The  phase-lock  loop  consists  of  only  three 
units  : a VCO,  a phase  detector,  which  senses 
the  phase  error  between  the  incoming  signal 


and  the  VCO,  and  a baseband  filter-amplifier 
which  drives  the  VCO  into  phase  synchro- 
nism and  controls  the  loop  transient  response. 
The  task  of  reducing  the  phase-lock  principle 
to  practice  for  the  extremely  wide  television 
bandwidths  is  thus  greatly  simplified.  De- 
velopment of  the  phase-lock  type  demodulator 
began  in  August  1961  and  was  complete  in 
mid-1962. 


Summary  of  Phase-Lock  Principles 


A block  diagram  of  the  basic  phase-lock 
demodulator  is  given  in  Figure  3-27. 

Input  to  the  FM  system  is  a carrier  at  a 
frequency  m0  with  phase  angle  modulation 


0{(s)=--(s) 

s 


(3.1) 


The  VCO  rest  frequency  is  also  at  <oc;  its 
phase  transfer  function  is  KJs  where  K„  is 
the  control  voltage  slope  in  radians/second/ 
volt.  Phase  error  is  generated  in  the  phase 
detector,  whose  transfer  function  is  K<f>  sin 
(0i  — 6„)  volts.  The  slope  K<j>  is  a function 
of  input  and  local  oscillator  levels.  Phase 
error  voltage  drives  the  filter-amplifier,  with 
dc  gain  KF  and  frequency  response  F(s). 
Other  frequency  responses  inherent  in  prac- 
tical implementations  of  the  loop  may  also 
be  lumped  in  F(s). 

The  loop  equation  is  then: 

0o(s)  = K<f>  sin  (6t  — e„)  • Kp  F(s) 

= *Msin  <«,-«.)  (3  2) 


For  a frequency  difference  between  the  input 


K^  SiN  ($reo)  kf 


K / 

v/s 


Figure  3-27.— -Basic  phase-lock  loop. 
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and  rest  frequency  of  the  VCO,  0o(s)  may  be 
written  as  A<o /s,  for  which 


| sin  A 0 1 = 


^ i 

KF(s) 


(3.3) 


Thus,  for  a steady  frequency  difference,  and 
where  F(s  = 0)  = 1, 


| A<o  |mai  = K (3.4) 

which  is  the  hold-in  range  of  the  loop.  Clear- 
ly K should  be  large  to  minimize  phase  error 
caused  by  steady  frequency  errors.  The  para- 
meters K,  which  is  the  total  gain,  has  the 
dimensions  of  radians/second. 

An  additional  term  affecting  K is  due  to 
a limiter  which  drives  the  loop.  Since  the 
output  power  of  a bandpass  limiter  is  con- 
stant, constant  signal  level  will  be  fed  to  the 
loop  at  high  C/N  ratio  conditions,  resulting 
in  constant  loop  gain.  At  C/N  ratio  levels 
below  4-  10  db,  the  signal  component  of  the 
limiter  output  drops  with  respect  to  its  maxi- 
mum value  according  to  the  relation : 


t(  / i 

* " ‘ V -*#).  <3.5, 

where  a varies  from  at  high  (C/N) 
ratios,  to  4A r at  low  (C/N)  ratios.  The  fac- 
tor Ka  is  the  limiter  suppression. 

The  nonlinearity,  sin  (0t  — 80),  which 
limits  the  maximum  instantaneous  phase 
error  to  tt/2  for  tracking,  is  the  cause  of  loop 
thresholding.  To  analyze  the  loop  above  its 
threshold,  phase  error  is  assumed  to  be  small 
enough  to  use  the  approximation 


e(s)  — m(s)  — 80 

= m(s)  — OiG(s) 

- m (s)  [1  -G(s)1  -n(s)G (s) 

= em(s)  — e„(s)  (3.8) 

Since  signal  and  noise  are  usually  uncorre- 
lated, each  term  on  the  right  of  Equation 
(3-8)  must  be  minimized  separately  by  prop- 
er choice  of  G(s) . 

Optimization  studies*  have  resulted  in  sev- 
eral filter  characteristics  depending  on  the 
assumptions  made  for  m(s)  and  n(s),  and 
on  the  minimization  criteria,  such  as  mag- 
nitude of  e*(s) , mean  square  value.  For  the 
case  of  television,  m(s)  is  the  result  of  modu- 
lation frequency  ramps  produced  by  video 
transients,  w(s)  is  band  limited  gaussian 
noise  modified  by  wideband  limiting,  and  the 
error  is  minimized  on  the  basis. 

*(t)  = I + <7  €n  | < nr/2  (3.9) 

where  tm  is  the  peak  error  due  to  modulation, 
% is  the  RMS  noise  error,  and  o-  the  peak 
factor  for  the  noise,  which  is  typically  3 for 
gaussian  noise.  In  our  case,  the  noise  is  not 
gaussian,  because  of  the  wide  loop  bandwidth 
after  the  phase  detector  nonlinearity  is  intro- 
duced. An  arbitrary  choice  for  a-  is  made  in 
the  design  to  be  described. 

Phase-Lock  Loop  Application  to  Television 
Signal  Demodulation 

The  loop  response  G(s),  given  in  Equation 
(3-7),  which  is  the  baseband  response  when 
the  output  is  the  VCO  control  signal,  and  the 
input  is  frequency-modulation  by  the  video 


sin  (81  — 60)  = A — 60  = A 0 (3.6) 


The  resulting  closed-loop  transfer  function 
is: 


00 

0t 


KF(s) 

S + KF(s) 


—G  (s) 


(3,7) 


The  functon  F(s)  is  chosen  to  minimize 
total  tracking  error  e(s),  which  is  the  dif- 
ference between  the  desired  signal  and  the 
loop  output,  given  an  input  Oi.  Where  0« 
consists  of  the  modulation  m(s)  plus  re- 
ceiver noise  n(s),  the  tracking  error  is 


*R.  Jaffe  and  E.  Reehtin,  “Design  and  Perform- 
ance of  Phase-Lock  Circuits,  etc.,”  IRE  Trans,  on 
Information  Theory,  March  1955,  pp.  66-76. 

C.  E.  Gilehriest,  “Application  of  the  Phase-Locked 
Loop  to  Telemetry  as  a Discriminator  or  Tracking 
Filter,”  IRE  Trans,  on  Telemetry  and  Remote  Con- 
trol, June  1958,  pp.  20-35. 

A.  J.  Viterbi,  “Acquisition  and  Tracking  Behavior 
of  Phase-Locked  Loops,”  Proc.  Symposium  on  Active 
Networks  and  Feedback  Systems,  Polytechnic  Insti- 
tute of  Brooklyn,  April  1960. 

C.  R.  Cahn,  “Comparison  of  Optimized  Phase- 
Lock  and  Frequency  Feedback  FM  Demodulators,” 
presented  at  IEEE  6th  Region  Technical  Confer- 
ence, 23  April  1963. 
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signal,  is  obtained  in  the  practical  case  by 
using  a loop  filter  F(s),  where: 


F(s)  = Jd mi 

1 + Tl  S 


(3.10) 


This  is  an  approximation  to  an  ideal  inte- 
grator ;*  a filter  of  the  form  of  Figure  3-28. 
In  this  basic  form, 


n — ( Ri  -f-  Ri)  C 

and 

T2  — Ri  C 

The  filter  used  in  the  STL  demodulator 
lumps  the  forward  gain  KF  with  the  fre- 
quency response  F(s)  as  in  Figure  3-29. 


Figure  3-28.- — Loop  filter  and  response. 


G(s)  = 


1 T2S 

1 + T2  8 + S2 


(3.14) 


can  be  made.  This  second-order  response  is 
a familiar  one  in  servo  system  analysis.  Sub- 
stituting for  ti  and  t2  as  follows: 


then 


K 


G(s)  = 


1 , 2£ 
—5-  and  t2  = — — 


0>„ 


1 + ^s 

<*>« 


(3.15) 


(3.16) 


0>n 


S+- 


The  quantity  u>„  is  the  loop  undamped 
natural  resonant  frequency  in  radians/sec- 
and,  and  £ is  the  ratio  of  the  loop  damping 
to  critical  damping.  The  magnitude  of  G(s) 
for  s = joi  is 


I G(j •) 


1 + 4 £2 


wn 


1 + (4£2  - 2)- 


<0» 


1/2 

(3.17) 


which  is  the  low  pass  response  plotted  in 
Figure  3-30  for  various  £ as  a function  of 


For  this  case, 


and 


t1  = KfR'1C 


T2  — Ri  C 

The  closed  loop  response  is  then 


(3.12) 


(3.13) 


Since  K is  usually  much  greater  than  1/t2, 
the  approximation 


Figure  3-30. — Loop  baseband  response  for  various 
damping  ratios. 

*A  useful  reference  containing  design  equations 
and  graphs  applicable  to  the  linear  model  is  by 
L.  A.  Hoffman,  “Receiver  Design  and  the  Phase-Lock 
Loop,”  prepared  for  the  IEEE  Electronics  and 
Space  Exploration  Technical  Lecture  Series,  Spring 
1963. 
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DAMPING  FACTOR  £ 


Figure  3-31. — Frequency  of  response  peak  vs.  damping  factor. 

the  normalized  frequency  variable  «/<%. 

The  frequency  at  which  the  response  peak 
occurs  is  plotted  in  Figure  3-31,  and  the 
magnitude  of  the  peak  in  Figure  3-32,  both 
as  a function  of  damping  factor  f.  The  error 
function  1 — G(s)  which  is  due  to  modula- 
tion is  obtained  from  Equation  (3.16). 

s2 

1a  G(s)  = H(s)=-  ■w»8 

. , 2C  , s2 

1+-s+-^(3.1S) 

which  is  valid  for  o>  < < K. 

In  the  television  case,  response  to  fre- 
quency ramps  is  of  most  interest,  and  there- 
fore 


Figure  3-32. — Peak  response  of  loop  normalized  to  Figure  3-33. — Transient  phase-error  for  frequency 

zero — frequency  gain  vs.  damping  factor.  ramp. 


where  & is  the  maximum  rate  of  change  of 
frequency.  The  resulting  time  function  may 
be  shown  to  be,  for  £ < 1 and  large  K, 


L 


' cos  V 1 — £2  <»nt 


H = — sin  VI  — C~  «>nt  \ 

VI  -£2  JJ  (3.20) 

Plotting  the  term  in  brackets  as  a function 
of  (o„t  (Figure  3-33) , it  is  clear  that  a damp- 
ing ratio  £ of  about  V2?2  results  in  rapid 
decay  of  the  transient  term  with  small  over- 
shoot. The  maximum  for  this  phase  error 
is  then  (for  £=  V2/2) 
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(max)  — 1.043-7- 

«>n 


(3.21) 


For  modulation  which  includes  a subcarrier 
at  frequency  ®ms  with  peak  deviation  iwcs, 
the  maximum  phase  error  may  be  computed 
from 

/ \ A G)c8 

ems  (max)  = / . =p= 

WmSV1  + ra  (3.22) 

The  square  of  the  noise  component  e„  in 
Equation  (3.8)  for  white  input  noise  of  large 
bandwidth  is  the  N/C  ratio  in  the  loop: 


$ 


G(j«) 


dm 

^7  (3-23) 


where  C is  the  input  carrier  power  in  watts, 
<E>  is  the  noise  density  in  watts/cps,  and  the 
integral  is  the  two-sided  loop  noise  band- 
width By  in  cps.  This  is 


where  <%  is  in  radians/sec.  To  minimize  £„, 
damping  ratio  £ should  be  V%  for  which 
BN  — o>„;  however,  since  £ equal  to  V2/2 
was  chosen  for  good  transient  response,  we 
find  that  BN  is  now  (3/2\/2) •<«„:=  1.06 


The  maximum  error  for  a frequency  ramp 
may  be  obtained  from  Equation  (3.20),  and 
is  approximately* 

| £,„  | (max)  =— 1 + e J 

(3.25) 

This  is  plotted  in  Figure  3-34. 

It  may  be  shown  from  the  equations  above 
that  for  the  following  normal  conditions 

1 < M < 5,  0.1  < | em  ] < 1,  and  0.1  < £ < 2 

(3.26) 

for  modulation  index,  phase  error,  and  damp- 
ing ratio,  respectively,  the  required  loop 
noise  bandwidth  will  be  larger  than  the 
minimum  IF  bandwidth  2fm(M-\-l) . This 
means  that  loop  noise  error  is  independent 
of  (o„.  For  this  case,  natural  resonance 
should  be  made  as  large  as  possible,  with 
damping  £ in  the  range  of  Equation  (3.26) 
above,  in  order  to  reduce  the  modulation 
phase  error  to  a negligible  portion  of  the 
total  loop  error. 

This  consideration  is  important  in  the  case5 
of  practical  designs,  where  large  wn  is  ac- 
companied by  decreasing  £ due  to  time  delays 

*J.  P.  Frazier  and  J.  Page,  “Phase-Lock  Loop 
Frequency  Acquisition  Study,”  IRE  Trans,  on  Space 
Electronics  and  Telemetry , September  1962,  p.  224. 


0.1  0.2  0.3  0,4  0.5  0.6  0.7  0.8  0.9  1.0 


DAMPING  RATIO  C 


Figure  3-34. — Maximum  phase  error  for  frequency  ramp  vs.  L 


RELAY  TEST  STATION  LOW  NOISE  RECEIVING  AND  DEMODULATION  SYSTEMS 


351 


and  high  frequency  poles  inherent  in  the 
physical  realizations  of  the  elements  of  the 
loop.* 

It  is  apparent,  therefore,  that  if  large  <o„ 
is  available  from  a given  loop  circuit  design, 
with  sufficiently  large  £ (greater  than  0.1), 
that  maximum  modulation  phase  error  may 
be  smaller  for  a highly-underdamped,  very 
wideband  loop,  than  for  the  optimally- 
damped  narrowband  loop.  Further  study  of 
improvement  achievable  by  this  means  seems 
justified. 

Description  of  Demodulator  Design 

Figure  3-35  is  the  block  diagram  of  the 
overall  demodulator,  which  consists  of  equal- 
izer, IF  amplifiers,  phase-lock  loop,  discrimi- 
nator, video  filter  and  amplifiers,  and  meter- 
ing and  control  circuits. 


Equalizer 

The  input,  at  a nominal  carrier  power  level 
of  —7  dbm,  is  fed  to  an  equalizing  filter  cir- 
cuit whose  function  is  to  correct  phase  dis- 
tortion produced  in  the  receiver  section  ahead 
of  the  demodulator. 

Figure  3-36  is  a simplified  schematic  of 
the  equalizer,  which  consists  of  four  cas- 
caded bridged-?7  sections,  with  input  and  out- 
put grounded  base  amplifier  stages.  Overall 
gain  is  0 db. 

IF  Amplifier 

Output  of  the  equalizer  is  amplified  by  a 
wideband  IF  grounded -base  stage  which 
drives  a hybrid  splitter.  The  two  split  signals 

*R.  C.  Booton,  Jr.,  “Demodulation  of  Wideband 
Frequency  Modulation  Utilizing  Phase-Lock  Tech- 
nique,” Proc.  National  Telemetering  Conference, 
May  1962,  Session  6. 


Figure  3~35.—Block  diagram  of  STL  wideband  demodulator. 
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* 10ENTICAI.  SECTIONS 


Figure  3-36. — IF  equalizer. 


are  amplified,  respectively,  in  a linear  stage 
to  7 db  above  the  input  for  the  phase-lock 
section,  and  in  a limiting  stage  to  0 dbm  for 
the  discriminator,  Bandwidths  of  these 
stages  exceed  40  Me  between  1 db  points. 
Figure  3-37  is  an  abbreviated  schematic  of 
this  IF  amplifier  module. 

IF  Driver  Amplifier 

To  obtain  high  loop  gain,  power  levels  into 
the  phase  detector  must  be  large.  Nominal 
output  of  the  IF  amplifier,  at  0 dbm,  is  raised 
to  + 23  dbm  by  a driver  module  consisting 
of  three  grounded-emitter  stages.  Overall 
bandwidth  is  at  least  60  Me  between  1 db 
points.  Figure  3-38  shows  a schematic  of 
this  circuit.  The  driver  output  saturates  at 
about  + 26  dbm. 

Phase  Detector 

Limiting  action  is  automatically  achieved 
in  the  phase  detector  by  increasing  the  signal 
power  to  a level  7 db  greater  than  the  VCO 
power.  The  resulting  phase  detector  slope 


Figure  3-37. — IF  amplifier. 


Figure  3-38.— IF  driver  amplifier. 


and  maximum  output  is  proportional  only  to 
the  VCO  power,  constant  over  a 20  Me  band 
about  the  VCO  rest  frequency. 

The  phase  detector  (Figure  3-39)  is  a 
four-diode  bridge,  transformer-driven  by  the 
signal  and  VCO  voltages.  Close  coupling  is 
obtained  by  toroidal  cores  and  bifilar  wind- 
ings. Variable  capacitors  are  used  for  noise- 
balancing. For  reasonable  efficiency  at  the 
relatively  high  carrier  frequency  at  120  Me, 
diode  switching  must  occur  within  a small 
fraction  of  one  period  (8.25  nsec) , and  diode 
forward  conduction  must  be  large.  The 
diodes  chosen  (CR  1-4)  are  Microstate  gal- 
lium arsenide  types,  with  0.5  nsec  recovery 
time  and  5-ohm  dynamic  resistance.  The  re- 
sulting phase  detector  output  is  1.5  volts 
peak. 

Loop  Filter-Amplifier 

Design  of  the  loop  filter-amplifier  follows 
the  method  described  in  a previous  para- 
graph, with  additional  clipping  circuits  as 
shown  in  Figure  3-39.  Resistors  R1  and  R2 
are  variable  to  allow  trimming  of  the  closed- 
loop  response  for  desired  resonance  and 


Figure  3-39. — Phase  detector  and  loop  filter 
amplifier. 
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damping;  nominal  dc  gain  of  the  amplifier 
is  20. 

Diodes  CR5  and  CR6  are  germanium, 
biased  by  voltages  Ex  and  E2  to  conduct 
when  the  VGO  control  voltage  exceeds  pre- 
determined levels,  due  to  noise  peaks.  Con- 
duction of  either  diode  momentarily  reduces 
the  amplifier  gain  by  increasing  the  feedback 
from  the  transistor  collector  to  the  base.  In 
addition,  diodes  CR7  and  CR8  limit  the  maxi- 
mum peak-to-peak  swing  to  the  YCO  to  about 
one  volt.  The  effect  of  this  multiple  clipping 
is  to  reduce  the  time  required  for  the  loop  to 
reacquire  lock  once  it  is  lost  because  of  noise 
peaks,  and  thus  reduce  the  length  of  black  or 
white  streaks  visible  on  the  TV  display.  Volt- 
ages Ei  and  E2  are  adjustable  for  optimum 
streak  reduction. 

The  meters  Mi  and  M2  shown  in  Figure 
8-39  measure  average  phase  and  frequency 
errors,  respectively,  for  use  in  initial  acquisi- 
tion and  loop  monitoring.  The  phase  error 
measured  is  the  dc  component  of  the  phase 
detector  output,  and  the  frequency  error  is 
the  dc  component  of  the  VCO  control  voltage. 
Figure  3-40  is  a simplified  schematic  of  the 
bias  sources  for  Ei  and  E2,  as  well  as  the  base 
current  source  (E3)  for  the  germanium  tran- 
sistor. Diodes  CR9  and  CR10  furnish  tem- 
perature compensation  for  these  bias  sources. 

A loop  stress  voltage  is  obtained  from  a 
potentiometer  control  mounted  on  the  front 
panel.  This  control  produces  a plus-or-minus 
voltage  at  the  VCO  control  line  for  initial 
locking  to  the  input  signal. 


E2  (NEG) 
E3  (BIAS) 
El  (POS) 


Figure  3-40. — Clipping  and  base  bias  voltages 
network. 


Video  Amplifier 

The  demodulated  baseband  signal,  which  is 
also  the  VCO  control,  is  fed  to  a video  ampli- 
fier with  adjustable  gain  of  about  1.4.  Fre- 
quency response  of  this  amplifier  is  flat 
beyond  the  maximum  modulation  frequency, 
since  the  post-detection  bandwidth  is  later 
defined  by  the  sharp  cutoff  lowpass  video 
filter  shown  in  the  schematic  of  Figure  3-41. 

The  video  amplifier  module  includes  a 
bandpass  circuit  (LI  and  Cl)  1 Me  wide  at 
—3  db  points,  centered  at  4.5  Me,  to  extract 
the  aural  subcarrier  for  demodulation  by  an 
auxiliary  discriminator. 

VCO 

The  VCO  is  designed  to  furnish  a relatively 
high,  constant  power  (40  milliwatts),  with 
frequency  a linear  function  of  a control  input 
voltage.  A basic  requirement  is  low  input 
capacitance  and  circuit  delay,  in  order  not  to 
seriously  affect  the  effective  loop  filter  time 
constants. 

This  design  (Figure  3-42)  uses  two  iso- 
lated grounded-base  oscillators  with  varactor 
diodes  VCl  and  VC2  in  the  collector  resonant 
circuits.  Frequencies  of  the  oscillators  (425 
Me  and  305  Me)  are  120  Me  apart  and  have 
been  chosen  to  minimize  spurious  products  in 
the  balanced  mixer  diodes  CR1  through  CR4, 
which  generate  the  desired  difference  fre- 
quency. Biasing  and  varactor  diode  polar- 
ities in  the  respective  oscillators  are  such  as 
to  give  differential  frequency  control.  The 
result  of  differential  action  is  first-order  can- 
cellation of  the  inherent  nonlinear  frequency 
control  characteristic  of  the  varactor  as  used 
in  these  circuits,  as  well  as  doubling  of  the 
slope  of  frequency  change. 

The  balanced  mixer  is  followed  by  two 
stages  of  wideband  amplification  in  grounded- 
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f H = 425  me 


Figure  3-42. — VCO  and  balanced  mixer. 


base  circuits.  Power  level  is  constant  within 
0.2  db  over  a frequency  excursion  ± 10  Me 
from  the  nominal  rest  frequency ; slope  is  20 
Mc/volt  and  nonlinearity  is  less  than  0.5 
percent. 

Baseband  Circuits 

Output  of  the  video  amplifier  is  selected 
by  a front-panel  switch  and  fed  to  the  low- 
pass  filter  mentioned  above.  This  is  followed 
by  a video  output  amplifier  which  has  two 
functions:  selectable  inversion  of  the  video 
polarity  and  impedance-matching  to  the  out- 


put cables. 

The  inverting  amplifier,  which  may  be  by- 
passed by  means  of  a switch  on  the  module, 
has  an  insertion  gain  of  unity,  and  consists 
of  a grounded-emitter  stage  followed  by  an 
emitter-follower.  Negative  and  positive  feed- 
back paths  shape  the  response  for  adequate 
high-frequency  output  together  with  low  tilt 
for  the  square  waves. 

The  line-driving  amplifier  consists  of  two 
grounded-emitter  stages  feeding  a grounded- 
emitter  complementary-pair  output  stage. 
Five  feedback  paths  control  the  square-wave 
response.  Figure  3-43  presents  a schematic 
of  these  amplifiers,  which  is  included  to  show 
the  multiple-feedback  since  a few  words  are 
not  adequate  to  describe  the  circuits. 

A variable  resistor  is  used  to  adjust  the 
positive  feedback  at  low  frequencies  for  zero 
tilt.  Two  70-ohm  output  loads  may  be  driven 
simultaneously. 

Discriminator  Section 

The  passive  discriminator  circuit  driven 
by  the  limiting  stage  of  the  IF  amplifier  is 
included  for  two  purposes:  backup  where 
the  threshold  improvement  of  the  phase-lock 
loop  is  not  required,  or  where  there  is  mal- 
function of  the  loop,  and  for  simultaneous 
comparison  of  the  respective  methods  of  de- 
tection. 


OUTPUTS 
IV  PP 
75  OHMS 


Figure  3-43. — Video  output  amplifier  schematic  diagram. 


RELAY  TEST  STATION  LOW  NOISE  RECEIVING  AND  DEMODULATION  SYSTEMS 


355 


The  discriminator  (Figure  3-44)  consists 
of  two  envelope  detectors,  each  driven  by  a 
tuned  circuit  of  bandwidth  and  center  fre- 
quency required  for  optimum  linear  response 
over  at  least  a ± 10  Me  band.  The  detector 
outputs  are  differenced,  and  this  difference 
is  fed  to  a two-stage  video  amplifier  consist- 
ing of  a grounded-emitter  transistor  and  an 
emitter-follower.  A variable  negative  feed- 
back path  adjusts  the  video  gain,  and  a feed- 
back path  controls  square-wave  tilt. 

A bandpass  circuit,  similar  to  that  in  the 
phase-lock  video  amplifier,  extracts  the  4.5 
Me  subcarrier. 

Both  baseband  and  subcarrier  signals  from 
the  discriminator  circuitry  may  be  selected 
to  drive  the  output  lines  of  the  demodulator 
by  means  of  two  switches  on  the  front  panel. 

Physical  Description 

The  photograph  of  Figure  3-45  and  Figure 


Figure  3-45. — Complete  demodulator. 


Figure  3-46. — Relay  demodulator  chassis  layout. 


3-46  show  the  top  view  of  the  complete  de- 
modulator. Circuits  are  separated  on  a func- 
tional basis  in  a number  of  chassis-mounted 
modules,  interconnected  below  the  chassis  by 
coaxial  cables.  Quick  access  and  removal  for 
maintenance  is  thus  achieved. 

The  large  twin  modules  in  the  figures  are 
commercial  power  supplies  (+  and  — 20 
volts).  The  demodulator  is  therefore  self- 
contained  : only  ac  line  power  and  signal  are 
required.  Power  drain  is  about  35  watts  at 
115  volts,  60  to  400  cps. 

Dimensions  of  the  unit  are:  front  panel, 
19"  wide  by  7"  high  ; chassis,  17"  wide  and 
15"  deep,  Weight  is  32  pounds. 

TV  Reception 

The  design  of  the  STL  demodulator  for 
Relay  is  capable  of  resonant  frequency  <%  of 
approximately  25  X 10®  radians/second  (i.e., 
4.0  Me),  with  a damping  ratio  £ of  V2/2. 
For  these  parameters,  loop  noise  bandwidth 
Bn  is  26  Me,  which  is  approximately  equal 
to  the  IF  bandwidth.  Nominal  gain  of  the 
components  within  the  loop  at  strong  signals 
is  3.8  X 10®  radians/second.  Adjustment  of 
the  parameters  is  such  that  damping  and  res- 
onant frequency  at  + 2 db  C/N  are  as  stated. 
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TEST  GENERATOR  | DEMODULATOR 


Figure  3-47. — Experiment  to  measure  TV  threshold  improvement. 


Input  characteristics  are : maximum  video 
frequency  (including-  synchronization  pulses) 
of  3.2  Me,  deviating  the  carrier  13.7  Me  peak- 
to-peak;  aural  subcarrier  at  4.5  Me  with  de- 
viation of  2.7  Me  peak-to-peak. 

The  available  threshold  improvement  is  in 
the  case  of  television  somewhat  qualitative 
depending  on  visual  criteria.  To  obtain  a 
measure  of  the  improvement,  the  experiment 
described  in  the  diagram  of  Figure  3-47  was 
performed. 

The  white  noise  source  is  fed  to  a filter  of 
approximately  square  response,  with  a noise 
bandwidth  of  32  Me.  This  is  equal  to  the 
noise  bandwidth  of  the  Relay  receiver  para- 
metric amplifier  front  end.  The  VCO  is 
modulated  by  standard  TV  video  material 
obtained  from  commercial  television.  Rela- 
tive power  levels  of  signal  and  noise  are 
measured  following  addition  in  a linear  hy- 
brid circuit. 

This  noisy  signal  is  fed  to  the  wideband 
demodulator  input.  Outputs  of  the  respec- 
tive detectors,  phase-lock  and  discriminator- 
limiter,  are  alternately  sampled  and  displayed 
on  a studio  TV  monitor.  The  results  of  this 
experiment,  as  shown  in  the  photographs  of 
Figure  3-48,  indicate  that  the  phase-lock  out- 
put is  roughly  equivalent,  at  0 db  input  C/N , 
to  that  from  the  discriminator  at  + 5 db, 
yielding  a 5 db  improvement. 

Baseband  Noise  Measurements 

Comparison  of  the  baseband  output  noise 
of  the  phase-lock  and  discriminator  demodu- 
lators, with  various  input  C/N  levels,  yields 


information  on  the  effective  threshold  of  each 
device. 

Noise  power  spectrum  over  the  baseband 
range  of  50  kc  to  3 Me  was  measured  using 
an  analyzer  of  4 kc  bandwidth.*  The  input 
consisted  of  an  unmodulated  carrier  plus 
bandlimited  noise.  The  results  are  plotted 
in  Figure  3-49.  At  the  point  of  measure- 
ment, 0 dbm  corresponds  to  11.0  Me  Peak-to- 
peak  deviation. 

For  C/Nof  +20  db,  the  output  noise  levels 
of  both  demodulators  are  comparable;  the 
discriminator  noise  is  5 db  higher  at  50  kc 
due  to  masking  by  1/f  noise  of  the  video  am- 
plifier following  the  discriminator  circuit.  At 
frequencies  above  1 Me,  phase-lock  noise  in- 
creases faster  due  to  a rise  in  loop  response 
near  natural  resonance,  which  is  not  cor- 
rected in  these  measurements. 

For  the  discriminator  C/N  ==+10  db,  noise 
output  is  nearly  equal  to  that  of  the  phase- 
lock  circuit  at  C/N  = +5  db.  At  lower  C/N 
inputs,  the  threshold  improvement  is  maim 
tained:  both  demodulators  exhibit  approxi- 
mately flat  noise  spectrum  as  predicted  by 
S.  O.  Rice.**  It  is  postulated  that  loss  of  lock 
in  the  loop,  characterized  by  2 ir  radian  phase 
steps,  contributes  to  generation  of  noise  with 
flat  frequency  spectrum  to  fill  in  the  normally 
triangular  characteristic  of  FM  noise. 

For  the  case  of  a sine-wave  modulated  car- 

* These  measurements  were  made  at  Bell  Telephone 
Laboratories,  Murray  Hill,  N.  J.,  by  J.  G.  Chaffee 
and  A.  J.  Giger. 

**S.  O.  Rice,  “ Statistical  Properties  of  Sine  Wave 
Plus  Random  Noise,”  Bell  System  Technical  Journal , 
January  1948,  pp.  109-157. 
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PHASE  LOCK  DISCRIMINATOR 

Figure  3-48. — Comparison  of  TV  quality  at  various 
IF  C/N  ratios  (top,  +5  db  C/N;  center,  +0.5  db 
C/N;  lower,  -8.5  db  C/N) 


Figure  3-49. —Baseband  noise  spectra  comparison. 


FREQUENCY 


Figure  3-50.^Noise  enhancement  by  modulation. 


rier,  with  C/N  t=  -{-9  db,  enhancement  of  the 
noise  output,  (as  noted  by  Giger  and  Chaffee 
for  the  frequency-following  demodulators)  * 
is  apparent  from  Figure  3-50.  This  enhance- 
ment is  severe  for  wide  deviations  by  high 
frequency  modulation,  where  loss  of  lock  is 
increased  by  modulation  phase  error.  For 
the  discriminator,  noise  enhancement  is  not 
a function  of  the  frequency  of  the  modula- 
tion, whereas  phase-lock  loop  noise  is  little 
affected  by  a 100  kc  signal  at  ±10  Me  de- 
viation. 

Pre-emphasis  of  high  frequencies  in  the 
signal  does  not,  therefore,  improve  a band- 

*A.  J.  Giger  and  J.  G.  Chaffee,  “The  FM  Demodu- 
lator with  Negative  Feedback,”  Bell  System  Tech- 
nical Journal,  July  1963,  p.  1127. 
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width-limited  phase-lock  demodulation  link. 
The  effect  of  this  modulation  noise  enhance- 
ment is  to  generate  additional  lower-fre- 
quency noise  which  tends  to  subtract  from 
the  threshold  improvement  available  for  the 
unmodulated  carrier. 


Authors.  This  chapter  was  written  by  R. 
S.  Eastman  and  R.  A.  Miller,  Jr.,  of  TRW/ 
Space  Technology  Laboratories,  Inc.,  Redon- 
do Beach,  California,  U.S.A.  under  contract 
NAS  5-1302  with  NASA  /Goddard  Space 
Flight  Center. 


Chapter  4 


Relay  System  Operations 


This  paper  discusses  the  operational  aspects  of  Relay  with  respect  to  the  tech- 
niques used  in  operating  the  spacecraft  in  orbit  and  the  experience  acquired  during 
the  extended  period  of  successful  in-orbit  operation. 

A description  is  given  of  the  Relay  Operations  Center  and  its  functions,  including 
the  support  communications  network  of  telephone,  teletype,  and  video  monitor  links 
that  were  required  for  effective  control  of  the  satellite  and  coordination  of  operations. 

The  requirements  for  satellite  command  and  for  real-time  telemetry  data  reduction 
and  evaluation  are  outlined,  and  a description  is  given  of  the  system  used  to  meet 
these  requirements.  Examples  are  given  of  how  the  system  was  applied  to  specific 
operational  situations. 

The  operation  of  the  satellite  involved  the  issuance  of  operational  plans  that 
provided  for  scheduling  of  communication  experiments  and  of  station  participation. 
A discussion  is  given  of  the  basis  for  such  scheduling,  such  as  selection  of  specific 
orbit  revolutions  for  specific  stations  and  experiments  on  the  basis  of  mutual  visibilities, 
slant  ranges,  spacecraft  look  angles,  ground  antenna  elevation  angles,  eclipses,  and 
spacecraft  duty  cycle.  The  effect  of  precession  of  the  orbit  on  mutual  visibilities  is 
also  discussed. 


INTRODUCTION 

The  problems  connected  with  the  operation 
of  a system  employing  earth  satellites  are 
complicated  by  the  inherent  short  lifetime  of 
such  satellites  and  their  inaccessibility  for 
adjustments  or  repair  once  in  orbit.  Suc- 
cessful conduct  of  operations  required  not 
only  well-defined  experiment  plans,  but  strict 
operational  procedures  which  provided  for 
maximum  utilization  of  the  satellite  lifetime 
and  guarded  against  its  misuse. 

Operational  practices  employed  on  Relay 
took  into  account  the  capabilites  of  the  entire 
system,  including  the  spacecraft,  the  partici- 
pating communication  stations,  the  GSFC 
Test  Stations,  the  support  communications 
network,  and  specialized  NASA  facilities 


such  as  the  GSFC  Data  Processing  Branch 
and  the  Minitrack  Network.  \ 

The  objective  of  Relay  was  to' demonstrate 
the  feasibility  of  one-way  wideband  and/or 
two-way  narrowband  transmission  between 
distant  areas  (such  as  the  United  States  and 
Europe)  by  means  of  a low-altitude,  active- 
repeater  satellite.  This  objective  was  accom- 
plished. Relay  also  carried  a radiation  ex- 
periment package  which  gathered  data  on  the 
radiation  environment  encountered  and  its 
effect  on  solid-state  devices  such  as  solar  cells. 

SYSTEM  DESCRIPTION 

The  Relay  system  consisted  of  the  orbiting 
satellite,  the  complex  of  participating  ground 
and  test  stations,  Operations  Center,  and 
GSFC  supporting  activities  (see  Figure  4-1) . 
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DATA  DATA 


Figure  4-1. — Relay  system. 


The  Relay  satellite  was  basically  a micro- 
wave  repeater  which  received  communication 
signals  on  a nominal  frequency  of  1725  Me 
and  retransmitted  on  4170  Me.  The  repeater 
could  transmit  a one-way  television  signal  or 
twelve  simultaneous  two-way  telephone  con- 
versations. Communications  satellites  such 
as  Relay  differ  considerably  from  the  scien- 
tific variety  in  that  almost  all  the  experiment 
data  is  gathered  on  the  ground  by  commu- 
nication stations.  Each  participating  station 
performed  experiments;  the  performance  of 
the  spacecraft  transponder  was  considered 
a known  quantity  based  on  prelaunch  labo- 
ratory measurements.  The  communication 
experiment  data  were  unique  to  each  ground 


station.  Additional  data  on  the  spacecraft 
components  were  telemetered  to  measure  their 
performance  characteristics  and  to  deter- 
mine the  current  status  or  long-term  degra- 
dation of  the  satellite. 

In  addition  to  a redundant  wideband  com- 
munication system,  the  spacecraft  had  a radi- 
ation experiment  package,  electrical  power 
system,  command  and  telemetry  system,  and 
supporting  structure.  The  spacecraft  con- 
tained earth  horizon  and  sun  sensing  devices, 
an  attitude  control  system,  a precession 
damper  and  an  active  thermal  controller.  The 
spacecraft  was  designed  to  provide  100  min- 
ues  total  wideband  operation  per  day  over 
three  or  four  consecutive  orbit  passes  and 
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approximately  eight  hours  of  radiation  ex- 
periment data  per  day. 

The  participating  stations  consisted  of  the 
American  Telephone  and  Telegraph  station 
at  Andover,  Maine  (COM AND)  ; the  Inter- 
national Telephone  and  Telegraph  station  at 
Nutley,  New  Jersey  (COMNUT) ; the  Brit- 
ish Post  Office  station,  Goonhilly  Downs, 
Cornwall,  England  (COMHIL) ; the  National 
Center  of  Telecommunications  Studies 
(CNET)  station,  Pleumeur-Bodou,  France 
(COMBOD)  ; Telespazio  station  at  Fucino, 
Italy  (COMTEL)  ; two  Deutsche  Bundepost 
stations  at  Raisting,  Germany  (COMGEA 
and  COMGEB)  ; Radio  Nationale,  Rio  de 
Janeiro,  Brazil  (COMRIO)  ; Kikusai  Densin 
Denwa  Co.,  Ltd.,  Ibaraki  Prefecture,  Japan 
(COMIBA) ; and  Radio  Research  Labora- 
tories of  the  Japanese  Post  Office  located  at 
Kashima-Machi,  Japan  (COMKAS).  Table 
4-1  lists  the  basic  characteristics  of  each 
station. 

The  two  GSFC  control  and  test  stations 
used  as  primary  command  posts  are  located 
at  Nutley,  New  Jersey  (COMCON)  and  Mo- 
jave, California  (COMMOJ),  Each  test  sta- 
tion was  contained  in  two  mobile  trailers 
joined  to  form  a single  unit.  In  addition  to 
its  command  and  telemetry  capability,  each 
site  had  a wideband  test  capability.  This  pro- 
vided a continuous  capability  for  periodic 
examination  of  the  communication  link  per- 
formance of  the  satellite  to  detect  degrada- 
tion of  the  system. 

All  experimental  scheduling,  spacecraft 
command  and  control,  and  real-time  evalua- 
tion of  spacecraft  status  was  carried  out  at 
an  operations  center  located  at  GSFC.  The 
functions  of  this  center  are  detailed  in  a 
subsequent  section  of  this  volume. 

The  remainder  of  the  Relay  system  con- 
sisted of  GSFC  support  activities  providing 
orbital  prediction  data,  telemetry  data  proc- 
essing, and  satellite  tracking  information. 
The  operational  support  communications  net- 
work, which  was  used  for  all  operational 
traffic,  was  supplied  by  GSFC.  The  NASA 
STADAN  stations,  a network  of  fixed  ground 
stations  throughout  the  world,  provided  pre- 


cision tracking,  command  and  telemetry  for 
the  satellites.  These  stations  were  used  with 
Relay  to  gather  telemetry  data  and  to  pro- 
vide tracking  information  for  orbital  com- 
putation. 

RELAY  OPERATIONS  CENTER 

In  order  to  assure  that  experiment  sched- 
uling, daily  operations  planning  and  data 
processing  were  handled  in  an  efficient  man- 
ner, a center  was  established  for  this  purpose. 
This  center,  referred  to  as  the  Communica- 
tions Satellite  Operations  Center  (COMSOC), 
also  provided  a centralized  command  post  to 
exercise  control  over  the  satellite. 

The  primary  function  of  the  center  was 
to  coordinate  communication  experiments 
among  all  participating  stations  and  agen- 
cies to  insure  that  experiments  were  per- 
formed in  accordance  with  participant 
requirements.  This  coordination  eventually 
resulted  in  the  generation  of  a specific  oper- 
ation plan  which  was  issued  daily  and  was 
Considered  the  controlling  document. 

Both  GSFC  test  stations  processed  telem- 
etry data  which  were  printed  out  in  the 
operations  center  on  a real-time  basis.  Dur- 
ing each  scheduled  pass  the  test  station 
assigned  command  responsibility  was  in  tele- 
phone conference  with  the  operations  center. 
All  commands  sent  to  the  spacecraft  were 
listed  in  the  Daily  Operations  Plan  and  trans- 
mitted by  the  assigned  test  station  at  the 
specific  times  listed,  after  verbal  acknowledg- 
ment by  the  operations  center.  This  allowed 
COMSOC  to  assure  that  the  proper  com- 
mands were  being  transmitted  in  the  proper 
sequence.  COMSOC  could  also  change  any 
commands  or  instruct  that  other  commands 
be  sent  to  the  spacecraft  at  any  time  during 
an  operation.  The  final  responsibility  for 
spacecraft  commands  always  rested  with  the 
operations  center.  The  telemetry  data  were 
evaluated  in  real-time  during  the  operation, 
and  spacecraft  commands  could  be  required 
at  any  time  when  the  data  indicated  that 
systems  must  be  turned  on  or  off. 

Spacecraft  telemetry  evaluation  was  per- 
formed at  the  operations  center  in  real  time 
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Table  4-1. — Relay  Ground  Station  and  Test  Station  Design  Characteristics 


Station 

Transmit  and 
receive  capability 

Antenna 

Gain 

Receiver 

Total  system 
noise  temp 
at  7.5°  elev 

1725-Mc 

transmitter 

output 

1725  Me 

4170  Me 

Andover,  Maine 
ground  station. 

One-way  tele- 
vision and  300- 
channel 

telephony;  two- 
way,  12-channel 
telephony. 

3600-ft2  aperture 
horn,  AZ-EL 
mount,  under 
radome. 

50.2  db 

57.6  db 

4°K  Maser 

50.8°K 

10  kw 

Fueino,  Italy 
ground  station. 

Receive  12- 

channel 

telephony. 

) 

30-ft-diam 
Cassegrain 
parabola,  AZ-EL 
mount. 

Not 

appli- 

cable 

48.6  db 

Cooled 

parametric 

amplifier 

220-250°K 

Not  planned 

Goonhilly  Downs, 
England  ground 
station. 

One-way  tele- 
vision and  300- 
channel  tele- 
phony; two-way, 
12-channel 
telephony. 

85-ft-diam 
parabola, 
AZ-EL  mount. 

50.7  db 

58.4  db 

Maser 

100°K 

10  kw 

Mojave, 
California  test 
station. 

Wideband  test 
signals 

40-ft-diam 
parabola, 
X-Y  mount. 

44  db 

52  db 

120°K 

cooled 

parametric 

amplifier 

200°K 

10  kw 

Nutley, 
New  Jersey 
test  station. 

Wideband  test 
signals 

Same  as  Nutley 
ground  station. 

42.9  db 

51.1  db 

120°K 

cooled 

parametric 

amplifier 

200°K 

10  kw 

Nutley, 

New  Jersey 
ground  station. 

Two-way, 

12-channel 

telephony. 

40-ft-diam 
Cassegrain 
parabola, 
AZ-EL  mount. 

42.9  db 

51.1  db 

290 °K 

parametric 

amplifier 

420°K 

10  kw 

Pleumeur-Bodou 
France  ground 
station. 

One-way  tele- 
vision & 

300-channel  tele- 
phony; two-way, 
12-channel 
telephony. 

3600-ft2  aper- 
ture horn, 
AZ-EL  mount, 
under  radome. 

50.2  db 

57.6  db 

4°K  Maser 

50.8  °K 

10  kw 

Raisting, 
Germany 
ground  station. 

One-way  tele- 
vision and 
300-channel 
telephony; 
two-way,  12- 
channel 
telephony. 

85-ft-diam 
Cassegrain 
parabola,  AZ-EL 
mount,  under 
radome. 

Maser 

Not  planned 

Rio  de  Janeiro, 
Brazil  ground 
station. 

Two-way, 

12-channel 

telephony. 

35-ft-diam 
Cassegrain 
parabola,  AZ-EL 
mount. 

40.2  db 

48.2  db 

290°  K 

parametric 

amplifier 

420°K 

10  kw 
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during  the  pass  for  its  effect  on  the  planned 
operation.  Long-term  evaluation  of  this  data 
was  also  performed  as  an  aid  in  determining 
spacecraft  duty  cycle  and  general  degrada- 
tion. 

The  participating  communication  station 
was  often  contacted  by  telephone  or  teletype 
facilities  immediately  prior  to  the  intended 
pass,  so  that  a readiness  report  could  be 
obtained  prior  to  the  planned  operation.  Dur- 
ing some  critical  passes  where  more  than 
two  stations  were  involved  or  where  precise 
switching  or  cueing  was  required,  the  sta- 
tions were  placed  in  telephone  conference. 

SUPPORT  COMMUNICATIONS 

To  achieve  the  objectives  of  Relay,  it  was 
necessary  that  a great  amount  of  data  be 
handled  in  a smooth  and  expeditious  man- 
ner. This  was  accomplished  by  use  of  a 
teletype  network  as  the  primary  communica- 
tions medium.  Orbit  prediction  and  pointing 
data,  monthly  and  daily  operations  plans, 
station  operations  reports  and  operation 
summary  reports  were  transmitted  via  this 


system.  Real  time  telemetry  data,  which 
was  reduced  at  the  test  stations,  was  printed 
out  in  real  time  at  COMSOC  by  a 100  word- 
per-minute  simplex  teletype. 

The  teletypewriter  communications  were 
provided  between  COMSOC  and  all  par- 
ticipants on  a 24-hour-per-day  basis.  End 
equipments  were  not  necessarily  manned  24 
hours  per  day  but  were  capable  of  receiving 
teletype  traffic  while  unattended.  Tape  re- 
perforators were  provided  at  all  stations  so 
that  punched  paper  tape  could  be  used  for 
reading  GSFC  topocentric  coordinate  sat- 
ellite predictions  into  the  station  computers. 
Full -period  telephone  service  was  also 
provided  between  COMSOC  and  the  partici- 
pating stations  so  that  real-time  voice  in- 
structions and  data  could  be  handled.  The 
Rio  de  Janeiro  station  and  the  two  Japanese 
stations  were  serviced  by  telex  and  toll  tele- 
phone. Figure  4-2  gives  a simplified  block 
diagram  of  the  operational  support  commu- 
nications network  for  Relay.  There  was  an 
occasional  need  for  a conference  arrangement 
of  all  stations  on  the  teletype  set.  This  was 


Figure  4-2. — Relay  ground  communications. 
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sometimes  required  when  specific  instruc- 
tions were  needed  at  more  than  one  station 
simultaneously,  although  voice  communica- 
tion via  the  full-period  telephone  circuits 
was  the  primary  means  of  issuing  commands 
to  the  test  stations  and  instructions  to  par- 
ticipants. All  teletype  traffic  handling  was 
accomplished  in  accordance  with  established 
GSFC  procedures  for  a torn  tape  relay.  This 
network  has  since  been  computerized,  pro- 
viding complete  automatic  switching  capa- 
bility. 

STL  (COMSTL),  RCA  (COMRCA),  and 
GSFC  Relay  project  office  (COMSAT)  were 
also  in  the  communications  network,  to  pro- 
vide liaison  as  required. 

TELEMETRY  REQUIREMENTS 

The  spacecraft  telemetry  system  consisted 
of  two  redundant  transmitters  and  a single 
encoder.  Either  transmitter  could  be  modu- 
lated by  the  encoder  or  by  the  output  of 
a horizon  scanner.  The  transmitter  oper- 
ated at  frequencies  of  1B6.620  and  136.140 
Me.  The  system  was  Pulse-Code-Modulated 
at  a rate  of  1152  bits  per  second.  Each 
telemetry  word  consisted  of  nine  bits,  mak- 
ing a total  of  128  telemetry  words.  Words 
4 through  17  and  29  through  128  were  used 
for  the  transmission  of  data  from  the  radia- 
tion experiments.  Of  the  remaining  telem- 
etry words,  1,  2 and  3 were  used  for  a 27- 
bit  frame  sync.  Thus  only  10  main  telemetry 
words  remained  available  to  monitor  space- 
craft performance.  One  of  these  telemetry 
words  (No.  28)  was  submultiplexed  into  64 
channels,  so  that  there  were  73  channels 
available  for  monitoring  spacecraft  perform- 
ance. Figure  4-3  indicates  the  telemetry 
word  assignment. 

Telemetry  data  from  Relay  could  be  re- 
ceived by  all  STADAN  stations  and  by  the 
two  test  stations.  Only  the  two  test  stations 
had  the  capability  of  processing  the  telem- 
etry data  in  real  time  to  make  it  available 
for  use  during  actual  transponder  opera- 
tions. Figure  4-4  shows  the  station  telemetry 
system. 

The  telemetry  data  was  arbitrarily  sepa- 


rated into  three  classes.  The  first,  Class  I, 
was  processed  in  real  time  at  the  two  test 
stations  and  displayed  by  means  of  a strip 
chart  recorder  and  a limit  checker  to  give 
GO/NO-GO  indications.  These  items  were 
considered  the  most  critical  parameters  and 
served  as  a backup  when  the  more  refined 
real-time  Class  II  data  were  not  available. 
Class  II  data  was  likewise  processed  at  the 
test  stations;  it  was  reduced  by  a small 
service  computer  (Packard  Bell  250),  trans- 
mitted to  the  Operations  Center  via  the 
100-word  teletype  circuit,  and  printed  out 
in  real  time.  This  data  indicated  spacecraft 
performance  and  was  used  in  real  time  as  an 
aid  during  the  conduct  of  operations.  All 
received  telemetry  data  were  recorded  on 
magnetic  tape  for  subsequent  mailing  to 
GSFC  for  processing.  Telemetry  data  in  this 
form  are  referred  to  as  Class  III.  A separate 
classification  was  required  for  horizon-scan- 
ner data,  which  could  be  telemetered  only 
when  the  encoder  was  off.  The  horizon 
scanner  data  were  likewise  recorded  on 
magnetic  tape  and  mailed  to  GSFC  for  proc- 
essing. Under  normal  circumstances  there 
were  no  critical  time  requirements  on  Class 
III  data.  The  radiation  experiment  data 
were  in  this  latter  category.  Processing  was 
accomplished  at  GSFC  for  subsequent  trans- 
mittal to  the  GSFC,  SUI,  and  BTL  radiation 
experimenters. 

Class  I data,  as  indicated,  were  reduced 
and  displayed  in  real  time  at  the  test  sta- 
tions to  provide  a basis  for  a GO/NO-GO 
decision  regarding  the  planned  wideband 
communication  experiment  for  the  given 
pass.  The  Class  I telemetry  items  are  listed 
in  Table  4-2  and  represent  the  most  critical 
parameters  that  affected  the  gross  perform- 
ance. In  addition,  the  command  verification 
channels  are  included  as  part  of  the  Class  I 
items.  Items  processed  by  means  of  a PCM 
limit  checker  gave  red  or  green  light  indi- 
cations when  the  parameter  was  within  ac- 
ceptable limits.  Some  of  these  verified  the 
occurrence  of  certain  events  in  a normal 
operation.  The  transponder  regulated  bus 
voltage  indication  went  from  red  to  green 
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> ' 


Figure  4-4. — Telemetry  flow  diagram  at  test  station. 


when  the  transponder  was  commanded  on, 
the  Main  IF  AGC  voltage  indication  went 
from  red  to  green  when  a transmitting 
ground ' station  was  illuminating  the  space- 


craft with  a wideband  carrier,  and  the  TWT 
power  output  and  TWT  beam  current  indica- 
tions went  from  red  to  green  when  the  trans- 
ponder high  power  came  on.  A green  light 
indication  was  also  given  when  the  radiation 
experiment  was  turned  on. 

On  the  seven  items  processed  through  the 
limit  checker,  the  battery  voltage  and  the 
battery  temperature  were  considered  the 
two  most  critical.  Battery  voltage  indication 
was  red  when  it  was  below  22.5  volts.  The 
battery  temperature  indication  was  red  when 
it  was  above  32.5°C.  Both  of  these  condi- 
tions were  considered  critical,  and  operations 
with  the  transponder  were  not  attempted 
unless  both  indications  were  green. 

All  the  Class  I items  were  displayed  on  a 
strip-chart  recorder  showing  analog  meas- 
urements of  telemetry  voltages.  This  per- 
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Table  4-2. — Class  I Telemetry  and  Limit  Checker  Items 


Item 

Approximate  values 

Sample  rate 

Telemeti 
Main  word 

ry  items 
Sub  com 

**Limit 

checker 

A range  red 

TLM  volts 
B range  green 

*18 

TWT  power  output „ __ 

0-1.0 

1. 0-5.0 

1/sec 

19 

Unregulated  bus  voltage  ___  __  _ 

1/sec 

20 

-- 

total  battery  current^.-  _ _ ._ 



1/sec 

*24 

-- 

Main  IF  AGC  voltage __ 

0-1.5 

1. 5-5.0 

1/sec 

28 

09 

TWT  helix  voltage,  _ _ 

1/64  sec 

*28 

11 

Rad.  exp.  regulated  bus  voltage.  _ _ 

0-3.5 

3.5-5.0 

1 64  sec 

*28 

16 

Transponder  regulated  bus  voltage.  _ _ 

0-1.5 

1.5-5.0 

1/64  sec 

*28 

17 

Battery  No.  1 voltage..  _ __ 

0-3.0 

3.0-3.0 

1/64  sec 

28 

24 

Command  verification,  JKL 

1 /64  sec 

*28 

26 

Battery  No.  3 temperature 

3. 6-5.0 

0-3.6 

1/64  sec 

28 

35 

Command  verification,  ABC 

1/64  sec 

28 

43 

Command  verification  DEF.  _ . 

1 64  sec 

28 

51 

Command  verification,  GHI  _ _ 

1/64  sec 

*28 

63 

TWT  beam  current.  _ _ _ . _ _ _ 

0-3.0 

3.0-5.0 

1/64  sec 

*Item  further  processed  through  a limit  checker  to  provide  red-green  light  indication. 

**The  normal  indication  provided  by  the  limit  checker  is  a red  light  when  the  telemetered  voltage  is  in  the  “A”  range 
and  a green  light  for  the  “B”  range. 


mitted  interpretation  of  the  data  with  fair 
accuracy  by  use  of  the  calibration  curves.  As 
previously  indicated,  the  primary  use  of 
Class  I data  was  to  provide  a backup  capa- 
bility in  the  more  elaborate  Class  II  data 
system.  Class  I data  was  not  normally  con- 
sidered sufficient  information  for  operation 
of  the  wideband  transponder  except  in  spe- 
cial circumstances.  Some  operations  were 
started  using  Class  I data  when  difficulties 
were  encountered  in  the  Class  II  until  that 
system  was  operating.  Likewise,  some  passes 
were  started  on  Class  II  data  and  finished  on 
Class  I when  difficulties  were  encountered. 

Class  II  data  consisted  of  40  spacecraft 
system  items  plus  5 test  solar  cell  measure- 
ments. These  were  selected  from  the  total 


bit  stream  and  processed  to  provide  a print- 
out of  data  in  engineering  units.  These  items 
were  selected  by  considering  the  most  critical 
priorities  and  limiting  the  total  amount  of 
data  so  that  the  resultant  printout  would  be 
compatible  with  a 100  word-per-minute  tele- 
type circuit.  These  data,  when  processed  and 
transmitted  via  the  teletype  circuit,  pro- 
vided data  printout  in  real  time.  In  the 
actual  system  there  was  a delay  of  only  a 
few  seconds  from  the  time  the  telemetered 
item  was  monitored  in  the  spacecraft  until 
it  was  printed  out  in  the  operations  center. 
Figure  4-5  gives  a printout  of  a typical 
block  of  Class  II  data  as  received  at  the 
operations  center. 

Main  telemetry  word  28  was  submulti- 
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plexed  into  64  channels,  so  that  64  seconds 
were  required  to  monitor  all  telemetry  points 
in  the  spacecraft.  Each  block  of  Class  II 
data  required  64  seconds  to  print  out  and 
covered  a time  span  of  the  same  duration. 
Main  frame  words  monitored  as  part  of 
Class  II  were  sampled  once  per  second,  but 
were  only  printed  out  every  16  seconds. 
These  items  were  printed  out  frequently 
enough  to  determine  performance  and  yet 
conserve  the  available  time-spacing  provided 
by  the  computer-teletype  system  employed. 

The  first  line  of  the  example  given  in 
Figure  4-5  consists  of  the  station  designator, 
date-time  group  and  the  main  telemetry 
items;  these  were  printed  out  every  16  sec- 
onds. The  letter  “N”  designates  the  Nutley 
Test  Station,  64  is  the  year,  085  is  the  day 
of  the  year,  05  is  the  hour,  39  is  the  minute 
of  the  hour  and  47  is  the  second  within  the 
minute.  The  telemetry  word  immediately 
following  the  date-time  group  is  the  TWT 
output  power  in  telemetry  volts  followed  by 
the  unregulated  bus  voltage  in  volts,  the 
total  battery  current  in  amps,  the  command 
receiver  AGC  in  telemetry  volts,  the  active 
thermal  sensor  temperature  in  degrees  C 
and  the  Main  IF  AGC  voltage  in  telemetry 
volts.  These  items  are  main  telemetry  words 
18,  19,  20,  21,  22,  and  24.  Immediately  fol- 
lowing each  date-time  group  and  main  telem- 
erty  printout  lines  are  two  lines  of  items 
from  subcommutator  No.  2.  Each  printout 
was  preceded  by  the  subcom  channel  desig- 
nator; it  can  be  seen  from  the  example  that 
channels  03,  04,  05,  and  08  were  printed  out 
immediately  following  the  first  date-time 


N64085053947  1.70  26.08  2/92  3.29  2/91  2.24 
03  -19.5  04  25.8  05  11/1  08  3.35 
09  4.04  11  .10  12  10/1  13  2/02  16  22.3 

N64085054003  1.71  26.08  2/92  3.29  30/98  2.27 
17  26.4  19  3.80  20  3/57  21  -35/1  24  1.95 
25  26.5  26  3/69  27  .02  31  3.23  32  1.32 

N64085054019  1.71  26.15  2/92  3.27  2/80  2.24 
33  26.4  34  3.08  35  2.00  40  4/41 
41  4/56  42  2/11  43  1.30  47  1.27  48  .01 

N6085054035  1.71  26.08  2/91  3.29  2/91  2.24 
49  -28/0  50  1.04  51  1.95  54  2.07  55  .11  56  2.98 
59  -2/56  63  46/0  64  4/95 
142  138  154  127  149  11  1/33 

Figure  4-6. — Typical  block  of  class  II  data. 


group  line.  Table  4-3  gives  a complete  list- 
ing of  all  Class  II  items. 

Additional  items  are  given  at  the  end  of 
the  Class  II  printout.  The  first  five  (see  line 
13  of  the  format)  are  five  solar  cell  measure- 
ments of  the  radiation  damage  experiment 
to  provide  the  GSFC  project  scientists  with 
quick-look  data  on  these  particular  cells.  The 
next  item  is  the  sun  aspect  indicator  output, 
which  must  be  converted  by  use  of  a calibra- 
tion chart  to  sun  look  angle.  The  last  item 
of  the  format  is  the  solar  array  bus  current 
in  amps.  The  computer  provided  a double 
line  feed  printout  at  the  end  of  each  Class  II 
data  block  to  allow  a space  between  each  64 
seconds  of  data. 

The  computer  output  was  in  the  form  of  a 
punched  plastic  tape,  compatible  with  stand- 
ard teletype  equipment;  this  tape  was  fed 
immediately  into  the  100-wpm  teletype  tape 
distributor.  This  was  physically  mounted 
so  that  the  tape  loop  between  the  computer 
and  the  tape  distributor  was  only  a few 
inches. 

The  operations  center  received  this  data 
in  the  form  of  standard  teletype  page  print 
and  teletype  reperforated  tape,  so  that  if 
necessary  the  data  could  be  retransmitted  to 
other  locations.  This  data  was  provided  to 
RCA  on  a routine  basis  for  their  information 
and  to  STL  on  a routine  basis  whenever  a 
detailed  examination  was  required. 

One  key  to  the  successful  use  of  the  PB 
250  computer  at  the  test  stations  was  the 
simplified  method  of  telemetry  calibration. 
Most  spacecraft  telemetry  sensors  have  a 
nearly  linear  calibration  characteristic.  For 
this  reason  all  items  of  Class  II  telemetry 
were  linearized  where  a good  fit  could  be 
made  over  the  expected  operating  range  of 
the  parameter  in  question.  Those  telemetry 
calibrations  which  could  not  be  fitted,  to  a 
reasonable  degree,  with  a straight  line  were 
printed  out  in  the  Class  II  data  as  actual 
telemetry  voltage.  The  result  was  that  most 
items  were  printed  out  in  engineering  units 
and  the  remaining  items  were  printed  out 
in  telemetry  volts.  A number  of  signal  pres- 
ence measurements  having  no  meaningful 
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Table  4-3. — Class  II  Data  Items 


Telemetry 

word 

Item 

Telemetry 

word 

Item 

18 

TWT  power  output 

28/33 

Battery  No.  3 voltage 

19 

Unregulated  bus  voltage 

28/34 

Narrowband  signal  presence  channel  1 

20 

Total  battery  current 

28/35 

Command  verification  AGC 

21 

Command  receiver  AGC 

28/40 

Current  transducer  temp. 

22 

Thermal  controller  sensor  temp. 

28/41 

Wideband  baseplate  temp. 

24 

Main  IF  AGC  voltage 

28/42 

Battery  temp.  2-2 

28/3 

Thermal  controller  position 

28/43 

Command  verification  DEF 

28/4 

Voltage  limiter  current 

28/47 

Wideband  trans.  L.O.  output 

28/5 

TWT  power  supply  No.  1 temp. 

28/48 

Thermistor  No.  8 temp. 

28/8 

TWT  collector  voltage 

28/49 

Solar  panel  temp.  3B-1 

28/9 

TWT  helix  voltage 

28/50 

Narrowband  signal  presence  channel  2 

28/11 

Radiation  experiment  regulated  bus 

28/51 

Command  verification  GHI 

28/12 

TWT  collector  temp. 

28/54 

Wideband  H.  level  mixer  drive 

28/13 

TWT  power  supply  No.  2 temp. 

28/55 

TWT  power  input 

28/16 

Wideband  regulated  bus  voltage 

28/56 

WB  beacon  L.O.  output 

28/17 

Battery  No.  1 Voltage 

28/59 

Collar  assembly  temp.  No.  1 

28/19 

Tim.  trans.  No.  1 power  output 

28/63 

TWT  beam  current 

28/20 

Encoder  temperature 

28/64 

Collar  temp.  No.  3 

28/21 

Lower  surface  temp. 

29-128/18 

Solar  cell  16  NP/  60 

28/24 

Command  verification  JKL 

29-128/19 

Solar  cell  17  N/P  60 

28/25 

Battery  No.  2 voltage 

29-128/23 

Solar  cell  21  GA  3 

28/26 

Battery  temp.  1-2 

29-128/25 

Solar  cell  23  GA  12 

28/27 

Tim.  trans.  No.  2 power  output 

29-128/27 

Solar  cell  25  GA  60 

28/31 

Wideband  receiver  L.O.  output 

16-17 

Sun  aspect  indicator 

28/32 

Wideband  beacon  output 

26 

Solar  cell  bus  current 

calibration  other  than  giving  gross  ON  or 
OFF  indications  were  also  printed  out  as 
telemetry  volts. 

Figure  4-6  indicates  a typical  calibration 
curve  for  a spacecraft  measurement  and  also 
shows  the  linearized  approximation  which  is 
used  in  the  PB  250  computer.  Figure  4-7 
is  the  telemetry  calibration  for  the  wideband 
received  signal  strength ; it  is  obvious  that  a 
complex  curve  like  this  cannot  be  reasonably 
approximated  by  a straight  line.  This  type 
of  item  is  therefore  printed  out  in  telemetry 
volts.  Items  which  are  not  accurately  linear- 
ized (linear  approximation  does  not  fit  curve 
precisely)  are  flagged  in  the  Class  II  format 
by  the  use  of  the  slant  symbol  for  a decimal 
point.  This  can  be  seen  in  the  sample  format 
given  in  Figure  4-5,  where  the  symbol  in- 
dicates that  the  data  should  not  be  used  for 
accurate  evaluation  without  consulting  the 
calibration  curve.  All  items  which  are  print- 
ed out  as  telemetry  volts  are  given  to  two 


decimal  places.  Most  other  items  are  given 
to  only  one  significant  decimal  place. 

Figure  4-8  gives  five  typical  blocks  of 
Class  II  data  which  were  taken  from  an 
operational  pass.  Each  block  given  in  the 
example  is  annotated  for  each  area  of  con- 
cern in  the  spacecraft  system  to  illustrate 
the  relative  distribution  of  items  for  each 
subsystem.  This  example  is  intended  to 
illustrate  the  ease  with  which  the  data  can 
be  interpreted  after  one  becomes  familiar 
with  the  items  listed.  One  other  aspect  of 
the  utilization  of  a compatible  teletype  sys- 
tem is  that  the  page  print  of  the  data  pro- 
vides a permanent  copy  of  reduced  telemetry 
information  easily  stored  for  future  refer- 
ence. 

The  immediate  use  for  Class  II  data  was 
at  the  operations  center  to  verify  the  com- 
mand status  of  the  spacecraft  and  to  de- 
termine spacecraft  condition  prior  to  any 
planned  operations.  During  normal  routine 
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TEMPERATURE  (°C) 


Figure  4-6. — TWT  collector  temperature  TM 
calibration. 


operations,  only  one  minute  was  required 
for  complete  examination,  although  five  min- 
utes of  Class  II  data  were  usually  taken  prior 
to  the  operation  of  the  transponder.  The 
data  were  then  continuously  reduced  and 
printed  out  during  the  entire  operation,  plus 
two  or  three  minutes  of  data  taken  after  the 
transponder  had  been  turned  off.  The  data 
at  the  end  of  the  pass  were  used  to  insure 
that  all  systems  turned  off  as  commanded 
and  for  a final  check  of  the  spacecraft. 

A selected  number  of  Class  II  data  items 
were  plotted  on  a routine  basis  after  each 
operational  pass.  These  were  retained  in  the 
operations  center  to  provide  a record  of  per- 
formance. Some  of  these  items,  such  as  bat- 
tery dischage  characteristics,  were  used  in 


Figure  4-7. — WBCS  No.  2 receiver  input  TM 
calibration  (main  IF  AGC  voltage) . 


determining  the  available  duty  cycle  of  the 
spacecraft.  Solar  array  output  character- 
istics and  spacecraft  temperature  histories 
were  likewise  provided  for  use  in  detailed 
analyses.  Performance  characteristics  of  the 
wideband  system  were  also  plotted  and  re- 
corded so  that  long-term  degradation  could 
be  observed. 

All  telemetry  data  received  by  either  the 
test  stations  or  the  ST  AD  AN  stations  were 
recorded  on  magnetic  tape;  as  noted  above, 
this  constituted  Class  III  data.  The  NASA 
ST  AD  AN  stations  were  scheduled  to  turn 
on  the  radiation  experiment  and  record  Class 
III  data  during  periods  when  visibility  did 
not  exist  at  the  test  stations.  This  data  was 
mailed  to  GSFC  from  all  receiving  sites  for 
processing  and  subsequent  transmittal  to  the 
GSFC,  SUI,  and  BTL  radiation  experi- 
menters. 

A computer  routine  is  available  at  GSFC 
for  processing  of  spacecraft  performance 
data  as  well  as  radiation  experiment  data. 
Whenever  anomalous  performance  was  in- 
dicated in  the  Class  II  data,  the  revolution 
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N64085055443  [HM  25.50^2/913.30  3/13-fiunT 

03  >19.2  04  25.2 W 14/71033.55)  1 

I 09  4.051  It  .05  12  16/4  13  2/15116  22.41 

N64085055459fn70l  25.64  2/89  3.27  3/02127171 
17  25.8  19  3.6720  3/24  21  -23/7  24  1.96 
25  25.7  26  4/10  27  .03131  3.23132  1.321 

M64085Q55515 ITTTj]  25.42  2/89  3.28  3/13127161 
33  25.81  34  2.99T3!>  1.97  40  4/78 
41  5/65  42  2/94  43  1 .50U7  1 .26}  48  .02 

49N-12/ISPSP^1  - 'g§ 

59  2/67163  45/ 


1.961 


-. ■ — 45/71  64  9/99 

143  139  154  127  148  11  1/37 


N64085055547  1 .73f25750[279TI  3, 

>3  -18.91  04  25.11  05  15/5  08  5.34 
•9  4.05  11  .05  12  16/5  13  2/35  16  L. 
N64085055603  1 .70f  25.31)  2/901 3.27 


2/972.13 

16.01 19  3.68  20  3/08  21  -23/5  24  1.97 

,31 

3/13  2.16 


,26  4/31  27  .01  31  3.22  32  1 
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Figure  4-8. — Example  of  five  blocks  of  class  II  data. 


number  was  noted.  After  the  magnetic  tape 
for  the  pass  in  question  had  been  received 
at  GSFC,  the  data  were  processed  in  the 
Class  III  data  format.  This  print-out  per- 
mitted detailed  examination  of  all  spacecraft 
performance  items. 

EXPERIMENT  SCHEDULING 

In  order  to  make  the  most  effective  use 
of  the  entire  Relay  system,  which  includes 
the  complex  of  participating  stations  as  well 
as  the  satellite,  it  was  necessary  to  schedule 
the  communications  experiments  with  some 
care.  These  experiments  are  the  basic  pur- 
pose of  the  entire  project,  and  had  to  be 
carefully  planned  to  make  maximum  use  of 
the  limited  time  available  for  wideband 
transponder  operation.  This  planning,  which 
had  to  take  into  account  several  factors 


simultaneously,  was  carried  out  at  the  oper- 
ations control  center  in  coordination  with 
the  participating  stations. 

Experiment  schedules  were  initially 
planned  over  a one-month  period.  It  was 
found  useful  early  in  the  program  to  assign 
operational  days  during  each  week  to  desig- 
nated stations,  with  the  days  assigned  ar- 
bitrarily. Examination  of  orbital  data  would 
then  indicate  which  passes  on  each  day  were 
usable  for  the  station  designated  for  that 
day.  A one-month  schedule  was  developed  in 
this  way  and  transmitted  to  the  participating 
stations.  This  initial  schedule  was  refined 
in  the  light  of  then  current  conditions  to  pro- 
vide a daily  operations  plan  for  each  day. 
This  plan,  which  was  sent  by  teletype  to  all 
stations,  governed  all  operations  with  the 
satellite. 

The  selection  of  one  or  more  orbit  passes 
for  wideband  operations  with  the  station 
designated  for  the  day  in  question  was  ac- 
complished in  the  following  manner.  First  the 
orbital  data  for  the  given  station  (MUSTAP 
program)  was  examined  to  determine  the 
useful  period  of  visibility  for  that  station. 
This  period  then  had  to  be  further  con- 
strained to  the  time  of  mutual  visibility  of 
the  satellite  by  both  the  participating  station 
and  one  of  the  two  GSFC  test  stations.  One 
of  these  stations  had  to  be  able  to  receive 
and  process  telemetry  data  and  to  transmit 
commands  to  the  satellite  during  wideband 
operations,  and  a short  period  was  required 
before  and  after  wideband  transponder  op- 
eration for  the  acquisition  of  telemetry  data 
by  the  test  station. 

Once  the  period  of  useful  visibility  had 
been  established,  it  was  necessary  to  deter- 
mine whether  the  spacecraft  look  angles  for 
the  station  (or  station  pairs)  scheduled  to 
use  the  satellite  were  suitable  for  wideband 
communications;  as  Figure  4-9  indicates, 
the  spacecraft  antenna  gain  falls  off  sharply 
at  large  angles  from  the  perpendicular.  It 
is  apparent  that  angles  near  0 or  180  degrees 
would  be  extremely  unfavorable,  and  in  prac- 
tice it  has  been  found  best  to  restrict  the 
look  angle  for  a participating  station  to  the 
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Figure  4-9. — Spacecraft  transmitter  and  receiver 
antenna  gain  vs.  look  angle. 


range  between  65  and  140  degrees.  A few 
experiments  were  scheduled  to  measure  re- 
sults over  a greater  range  of  look  angles, 
but  it  was  found  that  no  useful  results  were 
obtained  for  look  angles  greater  than  160 
degrees. 

The  next  consideration  was  that  of  the 
slant  range  of  the  spacecraft  from  the  given 
station.  It  was  necessary  to  determine  that 
the  slant  range  combined  with  the  look  angle 
did  not  result  in  a link  having  power  levels 
below  the  performance  margin  of  the  station 
or  stations  scheduled  to  participate.  On  the 
basis  of  these  considerations  it  was  desirable 
to  select  passes  with  minimum  range  for 
stations  such  as  Rio  or  Fucino  which  had 
30-foot  diameter  antennas. 

Once  the  link  parameters  had  been  consid- 
ered, it  was  necessary  to  determine  whether 
the  electrical  power  available  in  the  space- 
craft would  support  wideband  transponder 


operation  for  the  period  planned.  This  in- 
formation was  derived  from  a continuous 
evaluation  of  the  spacecraft  electrical  power 
system,  based  on  the  complete  history  of  its 
performance  maintained  at  the  operations 
center.  The  factors  of  most  importance  are 
the  condition  of  the  batteries,  the  output  of 
the  solar  array,  and  the  prevailing  eclipse 
conditions.  The  wideband  transponder  was 
never  operated  while  the  spacecraft  was  in 
eclipse,  since  such  operation  would  have 
placed  an  excessive  drain  on  the  batteries. 
For  the  same  reason,  no  extended  trans- 
ponder operation  was  scheduled  immediately 
prior  to  the  beginning  of  an  eclipse ; the  bat- 
teries would  not  have  been  recharged  from 
the  heavy  transponder  load,  and  the  normal 
housekeeping  loads  would  have  depleted  them 
still  further,  entailing  a risk  of  anomalous 
command  states  associated  with  low  battery 
voltages. 

On  the  basis  of  these  considerations,  the 
duration  of  the  planned  operation  was  de- 
termined and  specific  on/off  times  were  es- 
tablished for  the  telemetry  encoder  and  the 
wideband  transponder.  Commands  were  also 
scheduled,  where  appropriate,  to  switch  the 
transponder  from  wideband  to  narrowband 
operation  or  the  reverse. 

Another  factor  which  had  to  be  taken 
into  account  in  planning  operations  was  the 
antenna  elevation  angle  for  the  participat- 
ing stations.  Those  stations  having  Ax-El 
mounts  for  the  antenna  could  not  track  the 
satellite  through  zenith,  and  allowance  had 
to  be  made  for  this  constraint.  It  was  also 
necessary  to  check  the  azimuth  profile  for 
the  station  concerned  to  determine  that  no 
ground  hazard  was  created  or  that  no  ob- 
structions (such  as  hills,  mountains,  or  struc- 
tures) existed  at  the  planned  azimuths  and 
elevations.  Ordinarily  communications  ex- 
periments were  not  scheduled  for  antenna 
elevations  below  5 degrees.  For  some  special 
tracking  tests,  the  transponder  was  turned  on 
below  the  horizon  of  the  designated  station 
so  that  the  tracking  beacon  could  be  ac- 
quired at  extremely  low  elevation  angles. 
Where  there  were  no  obstructions,  the  larger 
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stations  could  perform  wideband  experiments 
at  elevations  as  low  as  3 degrees. 

The  specific  experiment  to  be  performed 
on  each  operational  pass  was  normally  in- 
dicated in  the  daily  operations  plan  issued 
by  the  operations  center.  The  experiment 
was  selected  primarily  on  the  basis  of  the 
recommendation  of  the  station  scheduled  to 
operate  with  the  satellite,  although  if  the 
station  had  expressed  no  preference  the  op- 
erations center  could  have  selected  the  ex- 
periment itself.  In  general,  it  was  desired  to 
cover  as  completely  as  possible  the  entire 
experimental  program  given  in  the  Commu- 
nication Experiment  Plan,  with  as  many  of 
the  stations  as  possible.  The  operations  center 
maintained  complete  records  of  all  experi- 
ments performed,  and  was  able  on  the  basis 
of  these  records  to  recommend  desirable  ex- 
periments to  the  various  stations. 

The  selection  of  experiments  was  carried 
out  in  close  coordination  with  the  partici- 
pating stations.  Each  station  supplied  the 
operations  center  with  its  desired  priorities 
for  experiments,  and  the  results  of  earlier 
experiments  were  known  to  the  center  so 
that  it  was  aware  of  those  areas  requiring 
additional  data.  The  experiments  listed  in 
the  Experiment  Plan  were  not  all  of  equal 
importance,  and  some  required  much  more 
frequent  repetition  than  others.  A weighting 
factor  was  applied  in  planning  experiments 
to  assure  that  the  entire  program  was  prop- 
erly balanced. 

Experiment  scheduling  also  had  to  reflect, 
in  some  cases,  the  link  requirements  for  the 
experiment  planned.  Some  experiments  re- 
quire a high-quality  link  with  favorable  look 
angles  and  very  short  ranges,  while  others 
could  be  performed  over  the  entire  spectrum 
of  ranges  and  look  angles. 

In  addition  to  the  wideband  communica- 
tion experiments,  the  operations  center  was 
also  required  to  schedule  the  operation  of  the 
radiation  experiment  carried  on  the  satellite. 
The  radiation  experiment  did  not  constitute 
a heavy  electrical  load,  and  was  operated 
for  several  hours  at  a time.  Additional  flex- 
ibility was  afforded  by  the  fact  that  the 


STADAN  stations  could  receive  and  record 
radiation  experiment  data;  their  participa- 
tion was  scheduled  through  the  STADAN 
net  controller  of  GSFC.  In  general,  they 
could  take  radiation  data  from  the  Relay 
satellite  whenever  the  radiation  experiment 
and  telemetry  encoder  were  on  and  when 
they  were  not  required  to  acquire  higher- 
priority  data  from  another  satellite. 

The  final  result  of  the  scheduling  opera- 
tion was,  as  indicated  previously,  a Daily 
Operations  Plan  which  was  generated  at  the 
Operations  Center  and  transmitted  by  tele- 
type to  all  participants.  Figure  4-10  is  a 
reproduction  of  a typical  daily  plan.  It  lists 
the  orbit  revolutions  during  which  opera- 
tions are  to  be  performed,  lists  the  commands 
to  be  sent  to  the  spacecraft  together  with 
the  time  for  each  command,  indicates  the 
times  when  ground  station  equipment  is  to 
be  turned  on,  and  lists  the  experiments  to 
be  performed  with  their  beginning  and  end 
times.  The  Daily  Operations  Plan  does  not 
list  radiation  experiment  operations  unless 
the  experiment  is  to  be  turned  on  or  off  by 
command  from  one  of  the  two  GSFC  test 
stations,  but  those  passes  scheduled  for  te- 
lemetry or  horizon  scanner  data  only  are 
listed. 

The  Daily  Operations  Plan  was  transmit- 
ted to  the  participating  stations  at  least 
24  hours  in  advance  of  the  period  covered 
by  the  plan.  This  permitted  the  ground  and 
test  stations  to  make  appropriate  prepara- 
tions for  turning  on  equipment,  taking  telem- 
etry, or  sending  commands  on  the  schedule 
indicated.  In  general,  no  operations  other 
than  those  specifically  shown  in  the  plan 
were  performed.  It  was  possible,  however, 
for  the  operations  center  to  modify  the 
planned  operation  at  any  time ; changes  were 
made  by  notifying  the  appropriate  test  sta- 
tion via  the  full-period  telephone  circuits 
maintained  with  both  stations.  At  no  time 
during  the  operation  were  commands  trans- 
mitted to  the  satellite  without  specific  ac- 
knowledgement from  the  control  center. 

In  the  case  of  public  demonstrations  with 
the  Relay  satellite,  the  scheduling  procedure 


BELAY  SYSTEM  OPERATIONS 


373 


NOTE:  Proper  teletype  heading  was  left  off  to  just 

illustrate  text  of  a typical  Daily  Operations  Plan. 


BT 

DAILY  OPERATIONS  PLAN  5/10/64  RELAY 
REV  814- 


1B- 


1115  C0MC0N-REP0RT  READINESS 

1125  C0MC0N -COMMAND  ENCODER  ON-TAKE  CLASS  II  DAT, 
1130  COMCON-COMMAND  ENCODER  OFF 


REV  815 

1402  COMCON,  COMBOD-REPORT  READINESS 

1412  COMCON-COMMAND  ENCODER  ON-TAKE  CLASS  II  DATA 

1415  COMCON-COMMAND  TV  ON/PHONE  OFF 

1417  COMCON-COMMAND  TRANSPONDER  NO.  2 ON 

1418  COMBOD-TURN  ON  1725  MC  XMTR 

1420  COMBOD-REPORT  PRESENCE  OF  4 KMC  BEACON 
1420-1442  COMBOD-CONDUCT  THE  FOLLOWING  EXPERIMENTS 
1420-1430  131  CONTINUOUS  RANDOM  NOISE 
1430-1442  135  PERIODIC  NOISE  - VIDEO 
1442  COMCON-COMMAND  TRANSPONDER  OFF 
1442  COMBOD-REPORT  LOSS  OF  BEACON 
1442:15  COMBOD-TURN  OFF  1725  MC  XMTR 
1447  COMCON-COMMAND  ENCODER  OFF 


Day  covered  by  plan  (5-month  of  May,  10- tenth  day, 
64-1964) ; time  interval  of  the  plan  is  0000  - 2400 
(hours  and  minutes)  of  this  day,  all  times  are  GMT. 

Revolution  (pass)  in  orbit  starting  from  injection. 
REV  000  starts  at  orbit  injection  and  ends  at  the 
first  ascending  node  (orbit  and  equatorial  plane 
intersections).  REV  001  starts  at  the  first  as- 
cending node  and  ends  at  the  second  ascending  node. 

Passes  used  to  take  Class  II  data  only  to  examine 
condition  of  spacecraft. 


REV  816 

1642  COMMOJ,  COMAND,  COMIBA-REPORT  READINESS 

1652  COMMOJ-COMMAND  ENCODER  ON -TAKE  CLASS  II  DATA 
1657  COMMOJ-COMMAND  TRANSPONDER  NO.  2 ON 
1659  COMAND- TURN  ON  1725  MC  XMTR 

1700  COMAND,  COMIBA-REPORT  PRESENCE  OF  4 KMC  BEACON 
1700-1712  COMAND,  COMIBA-CONDUCT  THE  FOLLOWING  EXPERIMENTS 
1700-1706  151  LINE  TIME  NON-LINEARITY  (WITH  1 MC  SUPERIMPOSED). 

1706-1712  153  SYNCHRONIZED  NON-LINEARITY 

1712  COMMOJ-COMMAND  TRANSPONDER  OFF 
1712  COMAND,  COMIBA-REPORT  LOSS  OF  BEACON 
1712:15  COMAND-TURN  OFF  1725  MC  XMTR 
1717  COMMOJ-COMMAND  ENCODER  OFF 


Stations  listed  are  those  that  are  scheduled  to 
participate  in  communication  experiments. 


Experiments  to  be  conducted  during  the  pass  at 
the  times  indicated.  Please  note  that  experiment 
designations  are  those  as  listed  in  the  GSFC 
RELAY  Communication  Experiment  Plan,  R1-0521A 
revised  1 December  1963. 


REV  817 

2045  COMCON-REPORT  READINESS 

2055  COMCON-COMMAND  ENCODER  ON-TAKE  CLASS  II  DATA— — — ^ — — — Orbit  passes  that  are  used  for  acquiring  radiation 

2058  COMCON-COMMAND  RADIATION  EXPERIMENT  ON  experiment  data  only.  COMCON  commands  on  telem- 

2100  COMCON-STOP  TAKING  CLASS  II  DATA-CONTINUE  TAKING  CLASS  I etry  system  and  radiation  experiment  subsystem. 

AND  III  DATA 


REV  818 

2342  COMMOJ-REPORT  READINESS 
2352  COMMOJ-TAKE  CLASS  II  DATA 

2355  COMMOJ-COMMAND  RADIATION  EXPERIMENT  OFF — — ~ — COMCON  commands  radiation  experiment  and  telem- 

2357  COMMOJ-COMMAND  ENCODER  OFF  etry  off  at  the  end  of  a complete  orbit.  NOTE: 

BT  Instructions  to  Minitrack  Stations  to  acquire 

radiation  experiment  data  are  issued  by  the  Net 
Controller  and  will  not  be  included  in  the  RELAY 
Daily  Operations  Plan. 


Figure  4-10. — Typical  daily  operations  plan. 


was  somewhat  different  from  that  described 
for  technical  tests.  The  specific  pass  was 
selected  in  the  same  way,  and  the  details  of 
the  operation  were  given  in  the  Daily  Opera- 
tions Plan  as  for  other  operations.  The  chief 
difference  was  in  the  scheduling  of  the  spe- 
cific time  for  the  demonstration. 

A station  outside  of  the  United  States 
wishing  to  perform  a public  demonstration 
made  the  request  directly  to  the  operations 
center.  If  the  station  had  already  been 
scheduled  to  operate  on  the  pass  requested, 
no  special  coordination  of  the  time  was  re- 
quired. If  other  operations  were  planned  for 
the  pass  requested,  it  was  necessary  to  coor- 
dinate the  request  with  the  participating 


stations.  In  either  case,  the  agency  request- 
ing the  demonstration  arranged  for  the  ma- 
terial content  and  for  routing  of  the  received 
transmission. 

Requests  for  demonstrations  originating 
in  the  United  States  were  directed  to  the 
Program  Developing  office  of  NASA  Head- 
quarters. Approved  requests  were  forwarded 
to  the  Relay  Project  Coordinator  at  GSFC, 
who  determined  compatibility  of  the  request 
with  scheduled  operations.  In  general,  re- 
quests for  public  demonstrations  were  made 
several  days  in  advance  of  the  desired  date 
in  order  to  permit  adequate  coordination, 
but  such  advance  notice  was  not  always  pos- 
sible. 
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COMMUNICATION  EXPERIMENT  DATA 

The  primary  object  of  Relay  was  to  gather 
communication  experiment  data  in  addition 
to  the  radiation  experiment  data.  The  com- 
munication experiments  comprised  all  tests 
performed  by  the  Relay  participating  ground 
and  test  stations  in  conjunction  with  the 
spacecraft  wideband  system.  These  tests 
were  performed  either  in  a wideband  or  nar- 
rowband mode.  Most  of  the  experiments 
were  performed  in  loop  configuration;  that 
is,  one  station  transmitting  and  receiving  its 
own  signals.  However,  all  tests  could  be  per- 
formed either  in  a loop  or  straightaway  con- 
figuration. Straightaway  means  that  one 
station  transmits  wideband  signals  and  a 
second  station  receives  them.  Most  nar- 
rowband experiments  were  conducted  in  a 
two-way  configuration  with  both  stations 
transmitting  and  receiving  simultaneously. 
Communications  experiments  are  detailed 
in  GSFC  Document  R1-0521A  entitled  Relay 
Wideband  Communication  Experiment  Plan, 
revised  December  1,  1963. 

The  communication  experiments  are 
broadly  categorized  as  performance  tests  and 
system  demonstration  tests.  The  perform- 
ance experiments  are  objective  tests  used 
to  obtain  Quantitative  and  statistical  data 
on  the  electrical  parameters  of  the  system. 
The  performance  data  are  primarily  intended 
to  confirm  a system  capability  for  quality 
monochrome  television  and  frequency  divi- 
sion multiplex  (FDM)  telephony.  Data  were 
gathered  on  the  gain  stability  phase  charac- 
teristics, distortion,  intermodulation,  inter- 
ference and  noise  of  the  complete  communi- 
cation link  including  ground  station,  baseband 
equipment  and  satellite. 

The  system  demonstration  experiments 
were  designed  to  emphasize  quality  wideband 
television  or  telephony,  some  of  which  were 
used  for  public  consumption.  These  experi- 
ments also  include  high  bit  rate  digital  data 
transmission,  telephoto  and  facsimile  data 
and  multiple  channel  teleprinter  transmis- 
sion. 

Each  participating  station  was  responsible 
for  the  acquisition  of  experiment  data  for 


the  satellite  operations  in  which  it  partici- 
pated. These  data  were  used  in  the  evalua- 
tion of  each  station  by  its  responsible  agency. 
Most  data  is  in  the  nature  of  ground  station 
received  and  transmitted  characteristics. 
Those  items  of  information  concerning  the 
performance  of  the  satellite  wideband  sys- 
tem, such  as  received  signal  strength  and 
transmitted  power,  were  transmitted  to  each 
participating  station  by  the  operations  cen- 
ter in  the  form  of  an  operational  summary 
for  each  scheduled  pass. 

Each  station  also  sent  a quick-look  report 
to  the  operations  center  soon  after  each  pass 
in  which  it  participated.  These  operations 
reports  listed  all  significant  events  with  their 
times  of  occurrence.  Times  of  wideband  sig- 
nal acquisition,  end  of  communication  ex- 
periment, and  change  of  tracking  mode  were 
typical  items  given  in  the  operations  report. 
The  test  stations  likewise  submitted  an  oper- 
ations report  approximately  one  hour  after 
each  scheduled  pass,  listing  all  commands 
transmitted  to  the  spacecraft  along  with 
other  pertinent  data.  The  experiments  per- 
formed by  each  station  for  that  particular 
pass  were  also  listed  and  a qualitative  assess- 
ment of  the  results  given.  These  indicated 
the  degree  of  success  of  the  experiment  and 
noted  any  malfunction,  out-of -tolerance  per- 
formance, or  loss  of  signal.  Any  interference 
noted  during  the  tests  was  usually  also  listed. 
Figure  4~11  illustrates  a typical  station  oper- 
ations report.  These  quick-look  reports  were 
used  at  the  operations  center  to  determine 
the  success  of  the  scheduled  operations  as 
applied  to  the  scheduling  of  future  experi- 
ments. A complete  history  of  all  experiments 
performed  by  each  station  was  maintained 
and  updated  from  the  operations  report  as 
a guide  in  recommending  additional  experi- 
ments by  some  stations. 

Each  participating  station  performed  a 
detailed  analysis  of  its  own  communications 
experiments.  Copies  of  these  were  supplied 
to  GSFC  either  individually  or  in  complete 
documentation  form.  This  data  was  then 
used  to  perform  an  overall  system  evaluation 
of  Relay. 
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OPS  REPORT 

1337 
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1340-1342 


1342-1345 


REV  486  RELAY  II  MARCH  27,  1964 

COMNUT  TURNED  ON  1.7  KMC  XMTR  10  KW 

4 KMC  BEACON  ACQUIRED 

BEACON  LEVEL  -112  DBM  A VG 

MONITOR  LEVEL  -103.3  DBM  AVG 

COM  LEVEL  -103.9  DBM  AVG 

COMMUNICATIONS  CHANNEL  NOISE  TEMPERATURE  399  DEGREES  K 
MONITOR  CHANNEL  NOISE  TEMPERATURE  399  DEGREES  K 
COMNUT  AND  COMMOJ  PERFORMED  THE  FOLLOWING  EXPERIMENTS: 
CHANNEL  5 CONTINUOUS  RANDOM  NOISE.  COMMOJ  TRANSMITTED 
A 1 KC  TONE  IN  CHANNEL  5,  COMNUT  MEASURED  THE 
RECEIVED  SIGNAL  LEVEL  AND  THE  NOISE  LEVEL. 

SIGNAL  LEVEL  - 0.87  V 

NOISE  LEVEL  - 7.8  MV 

COMNUT  TRANSMITTED  A I KC  TONE  AT  -14  DBM  IN 
CHANNEL  5 AND  COMMOJ  MEASURED  RECEIVED  SIGNAL  AND 
NOISE.  THE  DEVIATION  WAS  29.6  KC  RMS  PER  CHANNEL. 
CHANNEL  5 FREQUENCY  RESPONSE. 

COMMOJ  VARIED  THE  INPUT  SIGNAL  FREQUENCY  FROM  500  CPS 
TO  3000  CPS  AND  COMNUT  MEASURED  THE  RECEIVED  SIGNAL 
LEVEL. 

FREQUENCY  SIGNAL  LEVEL 

CCPS>  (CPS) 


GSFC  Data  Systems  Division  by  teletype  in 
the  form  of  direction  cosines.  The  Data  Sys- 
tems Division  has  available  a number  of 
computer  routines  which  can  generate  from 
this  tracking  data  a variety  of  outputs  to 
meet  the  needs  of  Project  Relay.  These  out- 
puts are  as  follows : 

1.  Orbital  Elements— Figure  4-12  is  an 
example  of  the  computer  output  giving  the 
elements  of  the  Relay  orbit.  This  informa- 
tion was  updated  at  weekly  intervals  and 
transmitted  to  all  participating  stations. 
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COMNUT  VARIED  THE  INPUT  SIGNAL  FREQUENCY  FROM  500  CPS 
TO  3000  CPS  AND  COMMOJ  MEASURED  THE  RECEIVED  SIGNAL 
LEVEL.  THE  INPUT  SIGNAL  LEVEL  AT  COMNUT  WAS  -14  DBM 
AND  THE  DEVIATION  WAS  29.6  KC  RMS  PER  CHANNEL. 

TWO  WAY  TELEPHONY  BETWEEN  MR.  YUDD  AT  COMMOJ  AND 
MR.  SUNDERLIN  AT  COMSOC. 

4 KMC  BEACON  TURNED  OFF 
BEACON  LEVEL  -107  DBM  AVG 
MONITOR  LEVEL  -100.5  DBM  AVG 

COM  LEVEL  -100.3  DBM  AVG 

COMMUNICATIONS  CHANNEL  NOISE  TEMPERATURE  364  DEGREES  K 

MONITOR  CHANNEL  NOISE  TEMPERATURE  382  DEGREES  K 

1.7  KMC  XMTR  OFF 

TEMPERATURE  36  DEG  REES  F 

HUMIDITY  38  PER  CENT 

BAROMETER  29.97  IN  RISING 

WIND  10-25  MPH 

PRECIPITATION  0 

A DELAY  OF  APPROXIMATELY  3 MINUTES  IN  COMPLETING  THE 
TELEPHONE  CALL  WAS  DUE  TO  A BAD  PATCH  COARD.  AFTER 
THIS  CORD  WAS  LOCATED  AND  REPLACED  THE  CALL  WAS 
SUCCESSFULLY  COMPLETED. 


THE  FOLLOWING  ARE  THE  ORBITAL  ELEMENTS  FOR  SATELLITE  1962  B-UPSILON 
ONE  RELAY  COMPUTED  FRM  MINITRACK  OBSERVATIONS  AT  THE  NASA  COMPUTING 
CENTER  AND  ISSUED  ON  03  APR  1964  BY  THE  GODDARD  SPACE  FLIGHT  CENTER 
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Figure  4-12. — Orbital  elements. 
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Figure  4-11. — Typical  station  operations  report. 

ORBITAL  DATA 

Precise  orbital  data  is  essential  to  the  op- 
eration of  a communication  satellite  system. 
The  provisions  made  by  GSFC  to  supply 
participants  with  accurate  antenna  pointing 
data  have  been  a major  element  in  the  smooth 
operation  of  the  system. 

The  origin  of  all  orbital  data  used  in  con- 
nection with  Project  Relay  is  the  tracking 
data  supplied  by  the  STADAN  (formerly 
Minitrack)  network.  This  worldwide  com- 
plex of  tracking  stations  operated  by  NASA 
makes  use  of  interferometric  techniques  to 
track  satellites.  In  the  case  of  the  Relay 
satellite,  the  stations  track  the  unmodulated 
136-Mc  carrier  from  one  of  the  two  telem- 
etry transmitters.  One  transmitter  is  left 
on  continuously  for  tracking  puposes. 

The  tracking  data  acquired  by  the 
STADAN  network  is  transmitted  to  the 


2.  MUSTAP  World  Map  Printout  — One 
computer  routine  provides  a printout  of  Mu- 
tual Station  Predictions  (MUSTAP)  as  illus- 
trated in  Figure  4-13.  In  addition  to  the 
range,  azimuth,  elevation,  and  antenna  look 
angle  data  for  all  stations  to  which  the 
satellite  is  visible  at  a given  time,  it  gives 
the  location  of  the  sub-satellite  point  in 
longitude  and  latitude  and  the  height  of  the 
satellite  above  the  sub-satellite  point.  All 
data  is  given  at  two-minute  intervals.  The 
“S”  printed  at  the  end  of  each  line  indicates 
that  the  satellite  is  in  sunlight  at  that  time, 
and  the  percentage  of  sunlight  for  the' entire 
orbit  revolution  is  printed  out  at  the  end  of 
the  data  list  for  the  period.  This  printout 
was  supplied  only  to  the  operations  center 
and  to  the  Project  Office  for  planning  pur- 
poses. 

3.  MUSTAP  Mutual  Visibility  Printout — 
Another  routine  for  the  MUSTAP  program 
generates  an  output  to  indicate  which  sta- 
tions are  able  to  see  the  satellite  at  a given 
time.  A sample  page  of  this  document  is 
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Figure  4-13. — Sample  printout. 


shown  in  Figure  4-14.  This  document  is  of 
great  value  in  planning  operations,  since  it 
indicates  not  only  those  stations  to  which 
the  satellite  is  visible  at  each  two-minute 
interval  of  time,  but  also  look  angle  for  each 
station  (the  figures  printed  under  the  head- 
ings for  the  various  stations),  antenna  ele- 
vation (the  code  following  the  look  angle 
indicates  whether  the  antenna  elevation  is 
below  5 degrees,  between  5 and  9 degrees, 
or  above  10  degrees),  and  range  (a  “T”  is 
printed  with  the  antenna  elevation  code  if 
the  range  is  greater  than  5000  nautical 
miles).  This  single  printout  thus  provides 
all  the  information  necessary  to  determine 
whether  a satisfactory  link  can  be  estab- 
lished between  any  given  pair  of  stations. 
It  was  provided  to  all  stations  on  a monthly 
basis,  with  each  document  containing  the 
data  for  one  calendar  month. 

4.  Equator  Crossings  — Each  numbered 
orbit  revolution  begins  as  the  subsatellite 


point  crosses  the  equator  in  a northbound 
direction.  The  numbering  of  revolutions  and 
the  time  interval  covered  by  each  revolution 
are  thus  defined  by  these  equator  crossings. 
A separate  printout,  supplied  to  all  stations, 
indicates  the  times  of  all  northbound  equator 
crossings. 

5.  Antenna  Pointing  Data — The  basic  in- 
formation required  by  all  stations  is  the  data 
required  to  point  their  antennas  correctly 
in  order  to  acquire  and  track  the  satellite. 
These  data  are  supplied  in  two  forms,  de- 
pending on  the  tracking  method  used  by  the 
given  station.  Those  stations  not  having 
programmed  tracking  capability  were  pro- 
vided with  azimuth  and  elevation  coordi- 
nates, together  with  range  data,  for  each 
one-minute  interval  of  the  period  during 
which  the  satellite  is  visible  to  the  station. 
These  data  were  sent  by  teletype  over  the 
Support  Communications  Network  well  in 
advance  of  the  pass  to  which  the  data  ap- 
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Figure  4-14.— Mutual  visibility  printout. 


plies.  A sample  of  this  type  of  data  is  shown 
in  Figure  4-15. 

For  those  stations  having  a capability  for 
programmed  tracking,  the  pointing  data  was 
supplied  in  the  form  of  topocentric  XYZ 
coordinates  as  shown  in  Figure  4-16.  These 
data  were  teletyped  to  the  station  for  one- 
minute  intervals  over  the  period  of  visibility 
of  the  satellite  to  the  station.  The  punched 
tape  was  then  fed  to  a computer  at  the  sta- 
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Figure  4-15. — Example  of  AZ-EL  orbital  prediction 
printout. 


tion,  which  interpolated  between  the  given 
data  points  to  generate  intermediate  points 
giving  a best-fit  curve  through  the  points  pro- 
vided. Interpolation  of  about  the  sixth  order 
is  usually  sufficient  to  maintain  the  accuracy 
of  the  original  points.  The  computer  then 
generated  a punched  tape  carrying  the 
smoothed  data,  and  this  tape  was  fed  to  the 
antenna  programmer  to  steer  the  antenna. 

The  orbital  data  operation  for  Project 
Relay  was  excellent  from  the  beginning  of 
operations.  The  pointing  data  supplied  to 
the  stations  was  extremely  accurate  and  has 
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Figure  4-16. — Example  of  XYZ  topocentric 
coordinate  printout. 
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resulted  in  completely  satisfactory  tracking 
of  the  satellite. 

EFFECT  OF  ORBITAL  MOTION 
ON  OPERATIONS 

Table  4-4  lists  the  initial  characteristics 
of  the  Relay  I orbit  as  compared  with  the 
prelaunch  nominal  values.  Figure  4-17  is 


Table  4-4. — Relay  I Orbit  Characteristics 


Item 

Nominal 

Actual 

Height  of  apogee,  nm 

3999.48 

4020.70 

Height  of  perigee,  nm..  _ 

699.92 

712.13 

Period,  min 

184.36 

185.09 

Eccentricity.. 

G.28475 

0.28462 

Inclination,  deg _ ... 

47.766 

47.496 

Right  ascension  of  ascending  node, 

(injection),  deg 

217.22 

218.74 

Argument  of  perigee,  (injection),  deg 

Nodal  rate,  deg /day 

176.426 
— 1.2845  ; 

177.5 
— 1.2779 

Perigee  rate,  deg/day 

1.2030 

1.2123 

provided  to  give  indication  of  the  relation- 
ships of  the  orbit,  the  earth,  and  the  sun. 
There  are  two  types  of  orbital  motion  which 
have  a direct  effect  on  operations. 

The  first  of  these  is  the  rotation  of  the  line 
of  apsides  (the  line  joining  the  apogee  and 
the  perigee)  in  the  orbit  plane.  This  motion, 
which  is  slightly  greater  than  one  degree 
per  day,  causes  the  apogee  (and  thus  of 
course  the  perigee)  to  describe  a complete 
circle  in  the  orbit  plane  in  approximately 
one  year.  As  can  be  seen  from  the  figure, 
the  most  favorable  position  of  the  apogee 
for  operations  with  the  present  Relay  net- 
work occurs  when  the  subsatellite  point  at 
apogee  is  at  the  most  northerly  latitude. 
The  extreme  limits  of  this  latitude,  both 
north  and  south,  are  equal  to  the  orbital  in- 
clination of  47  degrees.  Between  these  lim- 
its the  latitude  of  the  apogee  subsatellite 
point  varies  in  a nearly  sinusoidal  fashion 
in  the  course  of  its  approximately  one-year 
cycle,  as  shown  in  Figure  4-18,  as  the  line 
of  apsides  rotates  through  a complete  revo- 
lution. 

When  the  apogee  is  in  the  southern  hemi- 
sphere the  maximum  mutual  (Europe-US) 


visibility  on  any  single  pass,  also  plotted  in 
Figure  4-18,  decreases  sharply  and,  in  fact, 
vanishes  entirely  for  a short  period  at  maxi- 
mum southern  latitude  of  apogee.  The  posi- 
tion of  the  line  of  apsides  in  its  cycle  is  thus 
of  considerable  importance  in  the  planning 
of  operations,  since  it  determines  the  maxi- 
mum period  of  mutual  visibility  during  any 
one  pass  of  a given  day.  The  relationship 
of  the  period  of  the  satellite  and  the  rotation 
of  the  earth  is  such  that  normally  four  or 
five  successive  passes  out  of  the  approxi- 
mately eight  per  day  have  comparable  mu- 
tual visibility  characteristics.  When  the 
single-pass  mutual  visibility  is  at  its  highest 
(68  minutes),  the  total  mutual  visibility  time 
for  that  day  may  reach  140  minutes. 

The  second  type  of  orbital  motion  which 
directly  affects  operations  is  the  orientation 
of  the  orbit  plane  with  respect  to  the  line 
joining  the  earth  and  the  sun.  Since  the  sat- 
ellite derives  its  electrical  power  from  sun- 
light, the  amount  of  time  it  is  in  sunlight 
strongly  affects  the  length  of  time  the  wide- 
band transponder  can  be  operated.  The 
transponder  draws  considerably  more  cur- 
rent than  the  solar  array  provides,  so  that  its 
operation  time  is  determined  to  a large  ex- 
tent by  the  state  of  charge  of  the  batteries. 
The  batteries  in  turn  are  charged  only  when 
the  satellite  is  in  sunlight. 

It  is  clear  that  when  the  plane  of  the  orbit 
is  facing  the  sun,  the  satellite  will  remain 
in  sunlight  at  all  times.  This  full  sunlight 
condition  is  the  most  advantageous  for  op- 
ations,  since  it  provides  maximum  time  for 
battery  charging.  The  orbit  plane,  how- 
ever, rotates  in  inertial  space.  Therefore,  as 
the  earth  moves  about  the  sun  the  orbit 
plane  enters  the  earth’s  shadow  similar  to 
that  shown  in  Figure  4-19,  reducing  the 
amount  of  time  in  sunlight  and  consequently 
the  charging  time  for  the  batteries.  These 
eclipse  seasons  have  a second  effect  on  the 
spacecraft  power  system  in  that  the  satellite 
temperature  is  lower,  reducing  the  output 
of  the  solar  array  and  the  capacity  of  the 
batteries. 

The  actual  pattern  of  eclipses  is  not  as 
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NORMAL 
TO  ECLIPTIC 


Figure  4-17. — Relation  of  Earth,  apsidal  rotation,  and  Sun. 


simple  as  is  indicated  in  Figure  4-19,  but 
is  quite  irregular  because  of  rotation  of  the 
line  of  apsides  and  other  factors  including 
a rotation  of  the  Relay  plane  greater  than 
360°  per  year.  Figure  4-20  shows  the  eclipse 
pattern  in  terms  of  percentage  of  time  the 


satellite  is  in  sunlight,  together  with  the  ac- 
cumulated operating  time  of  the  wideband 
transponder.  It  can  readily  be  seen  that 
operating  time  accumulates  at  a much  more 
rapid  rate  during  the  periods  of  100  percent 
sunlight,  when  there  is  adequate  electrical 
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DATE 


Figure  4-18. — Geocentric  latitude  of  Apogee  and 
Europe-US  mutual  visibility  vs.  orbit  rev  and 
date  for  Relay  I. 


DATE 


Figure  4-20. — Accumulated  transponder  No.  2 
operating  time  vs.  eclipse  history. 


DAY  0 


DAY  180 


Figure  4-19. — Relative  motion  of  orbit  plane  and 
Earth  shadow. 

power  available  for  operation  during  all 
mutual  visibility  periods. 


ATTITUDE  DETERMINATION 

From  the  standpoint  of  operations,  the 
attitude  of  the  spacecraft  (i.e.,  the  orienta- 
tion of  the  spin  axis  in  inertial  space)  was 
important  only  in  that  it  affected  the  space- 
craft antenna  look  angles.  The  initial  orien- 
tation of  the  spin  axis  at  injection  was 
selected  to  provide  optimum  Iqok  angles  for 
the  stations  in  the  Relay  network.  Since  the 
satellite  is  spinning,  this  orientation  should 
nominally  remain  constant  for  the  life  of  the 
satellite. 

There  are,  however,  certain  factors  which 
tend  to  perturb  the  orientation  of  the  spin 
axis,  causing  it  to  precess  about  its  nominal 
position.  Provision  was  made  in  the  design 
of  the  spacecraft  for  sensors  to  determine 
the  attitude  and  for  a mechanism  to  modify 
the  attitude  if  it  should  prove  desirable  to 
do  so.  The  sensors  are  a sun  aspect  indicator 
which  provides  an  input  to  the  telemetry 
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data  indicating  the  angle  between  the  sat- 
ellite axis  and  the  line  to  the  sun,  and  a 
horizon  scanner  which  provides  a signal  each 
time  the  rotation  of  the  satellite  causes  the 
instrument  to  sense  the  change  from  the 
cold  of  space  to  the  relatively  warm  surface 
of  the  earth,  or  vice  versa.  These  two  indi- 
cations in  combination  provide  sufficient  data 
to  permit  computation  of  the  inertial  orien- 
tation of  the  satellite  spin  axis. 

The  attitude  of  the  spacecraft  can  be  modi- 
fied, to  a limited  extent  and  at  a relatively 
slow  rate,  by  the  operation  of  the  attitude 
control  coil  incorporated  in  the  satellite. 
This  is  a coil  of  wire  to  which  current  can 
be  supplied  in  either  a positive  or  a negative 
direction.  When  the  coil  is  energized,  its 
magnetic  field  interacts  with  the  earth’s 
magnetic  field  to  impart  a precessional  mo- 
tion to  the  spacecraft  spin  axis,  with  the 
direction  of  motion  determined  by  the  direc- 
tion of  the  current  supplied  to  the  coil.  Since 
it  was  expected  that  any  deviations  of  the 
spin  axis  from  its  nominal  attitude  would 
be  small,  this  simple  attitude-control  system 
was  sufficient  for  the  requirements  of  the 
program. 

One  aspect  of  spacecraft  operation,  then, 
was  to  monitor  the  spin  axis  orientation  by 
means  of  the  horizon  scanner  and  sun  aspect 
indicator  data,  and  to  determine  whether 
any  attitude  corrections  should  be  carried 
out.  Monitoring  of  the  attitude  in  the 
planned  manner,  however,  was  not  possible 
because  of  the  apparent  failure  of  the  horizon 
scanner  to  provide  usable  data.  It  was  orig- 
inally planned  to  operate  the  horizon  scanner 
on  a regular  schedule,  perhaps  once  per 
month,  and  from  the  resulting  data  com- 
bined with  the  sun  aspect  indication  to  deter- 
mine the  spin  axis  orientation.  The  horizon 
scanner  operates  only  on  command,  and  its 
output  is  used  to  modulate  directly  the  car- 
rier from  one  of  the  two  telemetry  trans- 
mitters; it  is  not  included  in  the  routine 
telemetry  data. 

One  operation  of  the  horizon  scanner  early 
in  the  program  (Rev  155),  did  provide  use- 
ful data  which  indicated  that  the  spin  axis 


attitude  was  2.5  degrees  from  nominal ; this 
is  a sufficiently  small  deviation  so  that  no 
correction  was  indicated. 

The  sun  aspect  indicator  operated  satis- 
factorily, providing  a check  on  spin-axis 
orientation  in  one  plane  at  least.  Figure 
4-21  is  a plot  of  the  sun  aspect  as  deter- 
mined from  telemetry  compared  to  the  theo- 
retical values  computed  from  the  nominal 
orbit.  It  can  be  seen  that  the  deviations  are 


DATE 


Figure  4-21. — Relay  I sun  aspect  history. 

relatively  small,  indicating  that  the  attitude 
of  the  spacecraft  has  probably  remained  very 
near  its  nominal  value. 

A further  indication  is  provided  by  the 
fact  that  the  received  signal  levels  at  the 
various  ground  stations  have  been  close  to 
the  values  which  would  be  expected  with  the 
nominal  look  angles.  This  is  only  a rough 
indication,  but  it  can  be  concluded  that  there 
have  been  no  gross  deviations  from  the  nom- 
inal. 

Since  there  has  apparently  been  no  need 
for  attitude  corrections,  the  attitude-control 
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coil  on  the  satellite  has  never  been  deliber- 
ately operated.  It  was  occasionally  turned 
on  as  a result  of  command  anomalies,  but 
its  operation  was  so  slow  that  these  short 
periods  of  operation  had  no  perceptible  effect 
on  spacecraft  attitude. 
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Chapter  5 


Spurious  Signals  In  Satellite  Command  Systems 


INTRODUCTION 

The  problem  of  providing  secure  command 
systems  for  satellites  has  become  more  prom- 
inent as  an  increasing  number  of  operational 
satellites  orbit  the  earth.  As  this  problem 
becomes  greater,  systems  engineers  must 
learn  about  the  systems  which  are  in  use 
today  in  order  to  avoid  the  pitfalls  that  exist. 
This  report  describes  a command  system 
used  today  by  the  Relay  I active  communi- 
cation satellite,  but  the  scope  of  this  work  is 
beyond  that  of  a single  system. 

The  author  feels  strongly  that  the  prob- 
lems discussed  here  are  not  unique;  rather, 
some  of  them  appear  in  nearly  all  remote 
control  systems,  although  they  may  take 
slightly  different  form.  Perhaps  the  greatest 
mistake  one  can  make  is  to  look  at  the  short- 
comings of  one  system  and  deny  the  possi- 
bility of  similar  deficiencies  in  another  sys- 
tem. For  this  reason  the  author  feels  justi- 
fied in  generalizing  on  the  subject  of  satellite 
command  control  by  using  the  problems  en- 
countered in  the  operation  of  the  Relay  I 
command  system  as  a basis  for  discussion. 

It  is  unfortunate  that  greater  emphasis  is 
not  placed  on  RFI  when  a system  design 
emerges.  So  often  RFI  (Radio  Frequency 
Interference)  problems  are  set  aside,  due  to 
difficulty  in  defining  precise  limits  of  accept- 
ability. In  the  specific  case  of  a command 
system,  the  problem  of  providing  a realistic 
RFI  level  (in  which  the  system  may  be 


tested)  is  very  great.  This  being  the  case, 
it  is  important  for  the  system  designer  to 
take  advantage  of  past  experience  in  his 
field,  and  for  this  reason  it  is  felt  that  a 
thesis  of  this  nature  is  justified. 

DESCRIPTION  AND  ANALYSIS  OF  THE 
RELAY  I COMMAND  SYSTEM 

The  purpose  of  the  Relay  command  system 
was  to  provide  ground  control  of  the  satel- 
lite with  extremely  high  reliability,  and  sim- 
plicity of  satellite  command  equipment.  Ex- 
tremely high  reliability  was  accomplished  by 
using  an  error-detecting  communication  code 
and  redundant  spacecraft  equipment  to  effect 
the  commands.  Simplicity  of  operation  was 
attained  with  consoles  that  produce  proper 
commands  by  push-button  and  one-way  com- 
mand link  only.  No  satellite  verification  that 
the  proper  command  has  been  received  is 
required  for  execution  of  the  command.  A 
block  diagram  of  the  command  system  is 
given  in  Figure  5-1. 

A six-bit,  error-detecting,  binary  code  was 
chosen  for  the  Relay  system.  The  code  con- 
sists of  three  ones  and  three  zeros ; this  pro- 
vides a total  of  twenty  combinations  of  three 
ones,  and  three  zeros,  or  twenty,  six-bit, 
command  words.  In  practice,  a command 
word  consists  of  six  bits  and  a sync  pulse 
that  clears  the  command  decoder  of  all  pre- 
vious information.  Figure  5-2  illustrates  a 
typical  PDM  code  waveform.  A command 
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Figure  5-1. — Relay  command  system,  block  diagram. 


word  is  105.6  milliseconds  (msec)  long  and 
consists  of  eight  time-slots,  each  13.2  msec 
long.  The  first  time-slot  contains  no  infor- 
mation and  contains  no  signal  at  all.  The 
second  time-slot  contains  the  sync  pulse, 
which  in  PDM  form  is  9.9  msec  long,  fol- 
lowed by  a 3.3  msec  period  of  no  signal.  The 
last  six  time-slots  contain  the  command  code 
(a  one  is  a 6.6  msec  pulse,  and  a zero  is  a 
3.3  msec  pulse).  This  PDM  code  amplitude 
modulates  a 5.451  kc  subcarrier  tone  100 
percent.  These  PDM  tone  bursts  are  the  out- 
put of  the  command  encoder,  which  is  used 
to  amplitude  modulate  the  148  Me  RF  car- 
rier. The  command  encoder  generates  the 
command  and  repeats  the  command  five 
times.  The  RF  carrier  is  turned  on  one 
second  prior  to  transmission  of  the  five- 
command  sequence.  This  is  done  to  “quiet” 
the  command  receiver  in  the  spacecraft. 

The  command  receivers  receive  the  AM 
signal,  demodulate  it,  and  present  the  de- 


"S"  11 1"  "1M  "0“  "0"  « 1 " "0" 


Figure  5-2. — Typical  code  waveform. 


coder  with  the  5451  cps  tone  bursts  which 
make  up  the  desired  commands.  The  decoder 
actually  performs  two  functions:  First,  the 
decoder  demodulates  the  5451  cps  subcarrier 
and  reconstructs  the  PDM  waveform;  sec- 
ondly, the  PDM  waveform  is  decoded  and 
the  corresponding  code  is  indicated  by  a 
positive  or  negative  pulse  on  one  of  ten  out- 
put lines.  This  pulse  is  then  used  to  effect 
the  proper  changes  in  flip-flop  memories 
contained  in  the  command  control  box.  These 
memories,  in  turn,  control  various  power 
switches  in  the  control  box  that  supply  dif- 
ferent satellite  systems  with  proper  on-off 
signals. 

As  indicated  in  Figure  5-1,  the  command 
system  components  are  completely  redundant 
in  the  case  of  the  command  receiver  and  de- 
coder. The  reconstructed  PDM  output  of 
each  decoder  is  cross-coupled  to  the  other 
decoder  to  provide  increased  system  relia- 
bility. 

For  sake  of  completeness,  and  also  because 
it  will  aid  in  the  error-analysis  which  fol- 
lows, a more  detailed  description  of  the  satel- 
lite equipment  is  deemed  necessary. 

Commond  Receiver 

The  command  receiver  was  equipped  to 
receive  ordinary  DSB-AM,  and  is  completely 
compatible  with  the  ground  transmitter. 
Pertinent  characteristics  are  itemized  in 
Table  5-1.  The  unit  is  a single  conversion 
receiver  with  a crystal-controlled,  local  oscil- 
lator and  a 40  kc  wide  (6  db)  crystal  filter 
at  the  input  to  the  IF  amplifier ; the  IF  fre- 
quency is  20  Me  and  the  IF  amplifier  is  700 
kc  wide  so  that  the  overall  bandpass  charac- 
teristic is  determined  by  the  crystal  filter. 
This  same  receiver  has  enjoyed  excellent 
success  in  several  current  space  programs. 

Command  Decoder 

Figure  5-3  illustrates  the  block  diagram 
of  the  command  decoder.  The  input  from  the 
receiver  is  filtered,  amplified,  and  then  ap- 
plied to  the  sheer  amplifier  circuit.  The 
sheer  amplifier  samples  the  signal  at  approx- 
imately the  50-percent  level.  This  signal  is 


SPURIOUS  SIGNALS  IN  SATELLITE  COMMAND  SYSTEMS 


385 


Table  5-1. — Parameters  for  the  Relay  Command  Receiver 


Input  frequency  band 

Modulation.  _ j 

Noise  figure j 

IF  frequency J 

IF  selectivity * 

Spurious  rejection _ _ _ ^ 

Input  impedance-.- 

Audio  output  impedance-  

Voltage  gain.  

Audio  output  voltage  for  90% 

modulation  at  1 KC , 

Oscillator  stability 

(-10°C  to  +60°C) 

AGC  dynamic  range. 


Overload  level 

Power  supply.  

Power-supply  regulation 


Operating  temperature  range. . 
Weight 


148  Me 
AM 

Typical,  7 db;  maximum  10  db 
20  Me 

40  kc  bandwidth,  6 db  down 
100  kc  bandwidth,  60  db  down 
Down  50  db,  or  more 
50  ohms 
2000  ohms 

120  db  ± 3 db  over  temperature 
range  from  — 10°C  to  -+-60°C 

1 volt,  RMS 
±0.005% 

Audio  output  constant  to  ±1.5  db 
for  input  signal  between  2.0  and 
10,000  microvolts 
50,000  microvolts 
15  milliamperes  at  24  volts,  de 
Receiver  has  internal  regulator  to 
permit  operation  from  20  to 
35  volts 

— 15°C  to  +60°C 

2 pounds  (two  receivers) 


then  demodulated,  filtered  again,  and  used  to 
activate  the  Schmitt  trigger  circuit.  The 
Schmitt  trigger  output  is  amplified  and  then 
gates  a multivibrator.  The  output  of  this 
multivibrator  is  a series  of  pulses,  the  num- 


ber depending  on  the  length  of  the  input 
pulse.  The  multivibrator  output  is  combined 
with  the  Schmitt  gate  by  an  AND  gate  and 
applied  to  a counter.  Depending  upon  the 
number  of  pulses,  either  one,  two,  or  three, 
the  counter  output  is  a ZERO,  a ONE,  or  a 
SYNG  pulse,  respectively.  The  counter  is 
reset  by  the  leading  edge  of  the  Schmitt 
trigger  output. 

The  ONE’s  from  the  first  counter  are  used 
to  trigger  the  information  driver  which  in- 
serts ONE’s  into  the  shift  register.  The 
ONE’s  output  is  also  fed  to  a 3-counter  and 
to  a delay  circuit.  The  delay  circuit  output 
triggers  information  stored  in  the  low  line 
of  the  shift  register  into  the  upper  line  of 
cores.  The  3-counter  counts  the  number  of 
ONE’s  in  each  message  to  determine  that 
there  are  three.  The  ZERO’S  are  fed  to  the 
same  delay  circuit  and  to  a separate  3- 
counter  which  determines  that  the  message 
contains  three  ZERO’S.  The  SYNC  pulse 
output  of  the  first  counter  is  used  to  reset 
both  3-counters  and  to  initiate  delay  circuit 
A.  The  output  of  delay  circuit  A triggers  a 
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Figure  5-3. — Decoder  block  diagram. 
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gate  circuit,  whose  output  is  applied  to  an 
AND  circuit  along  with  the  output  of  both 
3-counters.  The  AND  gate  output  drives  a 
read  switch  circuit  that  enables  the  magnetic 
shift  register  to  read  out  stored  information. 

Six  cores,  which  have  information  stored 
corresponding  to  each  of  the  six  bits,  have 
ten  lines  wound  about  them  in  such  manner 
that  when  the  cores  are  read  out,  the  flux 
induces  a positive  or  negative  pulse  on  only 
one  of  the  ten  lines. 

Command  Control  Box 

The  function  of  the  command  control  cir- 
cuit is  to  accept  the  decoded  commands  and 
enable  the  command  function  to  be  per- 
formed. This  is  accomplished  by  storing  the 
decoded  commands  in  bistable  memories  and 
operating  transistor  power  switches,  accord- 
ing to  the  state  of  the  memories.  In  most 
cases  the  on-off  function  is  accomplished  by 
directly  switching  the  power  to  the  desired 
subsystem ; however,  in  the  case  of  the  wide- 
band system,  the  radiation  experiments,  and 
the  telemetry  encoder,  only  an  on-off  signal 
is  supplied  by  the  command  control  circuit. 

In  addition  to  the  switching  functions 
performed  in  the  control  circuit,  several 
other  outputs  are  provided: 

1.  Command  verification  — This  circuit 
provides  four  telemetry  voltages  to  indicate 
the  state  of  the  command  control  memory. 

2.  Third  stage  separation  indication — This 
is  a telemetry  voltage  which  indicates  sep- 
aration of  the  third  stage. 

3.  Command  Receiver  AGC — The  AGC 
voltage  from  the  command  receiver  is  am- 
plified in  the  command  control  circuit  and 
presented  as  a telemetry  voltage. 

In  addition  to  these  items  and  on-off 
switching,  certain  logic  is  incorporated  with- 
in the  control  circuit  to  perform  the  follow- 
ing functions  for  the  wideband  system: 

a.  Low  Voltage — Shutdown  occurs  when 
the  unregulated  bus  falls  below  some  nom- 
inal pre-set  level.  Shutdown  may  be  in- 
hibited by  command. 

b.  Loiv  Signal  Received — Shutdown  oc- 
curs when  signal  strength  in  the  receiver 


falls  below  some  nominal  level  for  a period 
of  more  than  two  minutes.  The  timers 
which  provide  the  shutdown  signal  may 
be  reset  by  repeating  the  on  command  to 
the  respective  wideband  system. 

c.  Pulse  steering  logic  assures  that  only 
one  wideband  system  can  be  on  at  one  time, 
and  that  the  telemetry  transmitter  is  modu- 
lated by  only  one  signal. 

The  functional  listing  of  commands  given 
in  Table  5-2  is  helpful  in  understanding  the 
various  Relay  systems. 


Table  5-2  .—List  of  Commands  Used  to  Control  the  Relay  I 
Satellite 


Command 

No. 

Digital 

Code 

Function 

1 

111000 

Load  cutoff  normal 

2 

110100 

Transponder  No.  1 ON 

3 

101100 

Transponder  No.  2 ON 

4 

011100 

Transponders  OFF 

5 

110010 

Radiation  experiments  OFF 

6 

101010 

Radiation  experiments  ON 

7 

011010 

Telemetry  encoder  ON 

8 

100110 

Horizon  scanner  ON 

9 

010110 

Modulate  telemetry  transmitter  §1 

10 

001110 

Modulate  telemetry  transmitter  § 2 

11 

110001 

Attitude  control  negative 

12 

101001 

Attitude  control  positive 

13 

011001 

Attitude  control  and  horizon 
scanner  OFF 

14 

100101 

Telemetry  encoder  OFF 

15 

010101 

Telemetry  transmitters  1 and  2 ON 

16 

001101 

Telemetry  transmitter  No.  2 OFF 

17 

100011 

Telemetry  transmitter  No.  1 OFF 

18 

010011 

Wideband  mode 

19 

001011 

Narrowband  mode 

20 

000111 

Load  cutoff  override 

A brief  glossary  of  terms  will  clarify  the 
command  functions  in  Table  5-2. 

The  load  cutoff  normal  and  override  com- 
mands control  the  circuit  that  senses  satel- 
lite bus  voltage  and  shuts  off  heavy  power 
loads,  if  load  cutoff  normal  is  commanded 
and  the  bus  voltage  falls  below  the  pre-set 
value. 

Transponder  refers  to  the  communications 
system  in  the  satellite ; wideband  and  narrow 
band  modes  refer  to  the  type  of  operation 
desired  with  the  transponder.  A TV  trans- 
mission would  require  a wideband  mode 
command,  whereas  two-way  voice  transmis- 
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sion  would  require  a narrowband  mode  com- 
mand. 

Telemetry  encoder-on  or  horizon  scanner- 
on  commands  refer  to  the  type  of  telemetry 
information  required.  An  encoder-on  com- 
mand automatically  turns  off  the  horizon 
scanner,  and  vice-versa.  This  prevents  simul- 
taneous modulation  of  a telemetry  trans- 
mitter by  both  the  encoder  and  horizon  scan- 
ner. Attitude  control,  positive  or  negative, 
refers  to  the  direction  in  which  current  is 
commanded  to  flow  in  a large  coil  which  en- 
circles the  satellite.  This  coil  develops  a 
magnetic  field  which  reacts  with  the  earth’s 
magnetic  field  and  develops  a torque  to  cor- 
rect any  small  attitude  errors.  As  in  the 
case  of  the  encoder  and  horizon  scanner,  atti- 
tude positive  and  negative  commands  cannot 
be  effected  simultaneously. 

Errors  of  the  Command  System 

The  measure  of  any  command  system  is 
the  ability  of  that  system  to  effect  the  desired 
command  without  error.  Two  basic  types  of 
error  may  occur  in  a command  system  such 
as  Relay  has.  The  first  type  is  failure  of  the 
command  system  to  effect  a desired  com- 
mand, and  this  type  is  the  least  serious,  since 
it  can  be  commanded  again.  The  second  type 
is  the  occurrence  of  a spurious  command, 

i.e.,  a command  that  is  not  transmitted.  In 
any  digital  system,  there  is  (for  each  word) 
a probability-of-error  which  is  a function  of 
the  signal-to-noise  ratio  of  that  word.  The 
calculation  of  this  probability  provides  a 
performance  index  or  comparison  between 
systems. 

Thus,  the  following  section  will  calculate 
two  error  probabilities.  The  first  is  the  prob- 
ability that  the  command  system  will  fail  to 
respond  to  a desired  command  and  the  second 
is  the  probability  that  a spurious  command 
will  occur.  It  should  be  emphasized  that 
these  probabilities  are  theoretical  values,  and 
should  be  compared  with  the  results  given 
on  page  394  of  this  chapter  which  describes 
the  performance  of  the  Relay  command  sys- 
tem. The  analysis  which  follows  is  based  on 
the  following  three  assumptions : 


1.  The  noise  output  of  the  command  re- 
ceiver is  gaussian  and  white  over  the  re- 
ceiver output  spectrum.  This  is  a standard 
and  reasonable  assumption  for  a calculation 
of  this  nature. 

2.  Receiver  noise  is  considered  to  be  ther- 
mal noise  only.  No  external  signals  are 
considered  present  other  than  the  desired 
command.  This  is  a simplification  of  the 
problem  rather  than  a justifiable  assumption. 

3.  Ideal  decoder  performance  is  assumed, 
to  the  extent  that  filters  are  assumed  to  have 
flat  response  over  the  band  and  linear  phase 
characteristics.  Wherever  possible,  actual 
decoder  characteristics  are  taken  at  face 
value,  when  the  circuit  operation  figures 
directly  into  the  error  analysis.  An  example 
of  direct  contribution  of  decoder  design  to 
error  probability  would  be  the  circuit  that 
distinguishes  between  a SYNC,  ZERO,  and 
ONE  in  the  incoming  code.  This  circuit  con- 
sists of  a multivibrator  which  is  gated  on 
for  one,  two,  or  three  pulses.  If  a single  pulse 
is  missed  by  the  counter,  the  signal  is  incor- 
rectly recognized,  and  an  error  has  occurred. 
By  sampling  the  waveform  at  a rate  consist- 
ent with  the  filter  bandwidth  in  the  decoder, 
this  circuit  could  detect  the  filter  bandwidth 
in  the  decoder,  and  also  notches  in  the  PDM 
waveform  that  caused  the  improper  signal 
recognition.  Thus  a multivibrator  rate  which 
is  five  times  as  fast  would  produce  five  pulses 
for  a ZERO,  ten  pulses  for  a ONE,  and  fif- 
teen pulses  for  a SYNC.  This,  however, 
would  make  it  harder  to  effect  the  proper 
command  and  would  require  increased  cir- 
cuitry, and  is  not  really  worth  the  added 
weight,  power,  and  space. 

DETERMINATION  OF  THE  PROBABILITY 
OF  ERROR 

Two  probabilities  were  required  to  calcu- 
late the  over-all  probability  of  error  in  the 
Relay  system:  the  probability  that  a ZERO 
would  be  changed  to  a ONE  and  probability 
that  a ONE  would  be  changed  to  a ZERO. 
These  two  probabilities,  P0 1 and  P10,  are  not 
equal,  as  will  be  shown  in  the  following 
analysis.  In  determining  the  error  prob- 
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ability  in  a PDM  system,  the  envelope  of 
signal-plus-noise  is  examined  at  the  output 
of  the  bandpass  filter.  The  knowledge  of  the 
filter  bandwidth  allows  the  examination  of 

the  envelope  at  discrete  time  intervals  _1 

2 Bf 

apart,  as  it  is  known  that  the  envelope  can- 
not assume  a new  value  in  an  interval  of  less 

than  - 

2 B, 

A ONE  in  the  Relay  system  is  defined  as 
the  presence  of  a 5.451  kc  subcarrier,  whose 
envelope  is  0.7  volts  (or  greater)  for  a con- 
tinuous period  of  6.6  milliseconds,  and  a 6.6 
msec  period  of  no  signal  in  the  13.2  ms  time 
slot  given  to  each  bit.  A ZERO  is  defined  as 
the  presence  of  the  same  amplitude  and  fre- 
quency subcarrier  for  a continuous  3.3  msec 
period  and  a 9.9  msec  period  of  no  signal, 
during  the  basic  13.2  msec  time  slot  for  a 
digit.  Thus  for  a ONE  to  be  changed  to  a 
ZERO,  the  noise  must  add  to  the  signal  in 
such  a way  that  the  envelope  of  signal-plus- 
' noise  is  below  0.7  volts,  at  the  instant  the 
multivibrator  in  the  decoder  is  sampling  the 
waveform.  In  determining  whether  the  one 
is  changed  to  a zero,  the  envelope  of  signal- 
plus-noise  is  sampled  at  the  rate  of  one 
sample  per  3.3  msec  (since  the  multivibra- 
tor period  is  3.3  msec)  and  the  question  is 
asked  at  each  sample  point:  “Is  the  envelope 
greater  than  0.7  volts?”  At  each  of  these 
sample  points,  there  is  a finite  probability 
that  the  envelope  will  be  below  0.7  volts.  The 
probability  that  at  one  of  the  two  samples 
the  envelope  will  be  below  0.7  volts  is  ( PbPa ) 
where 

Pb  = Prob.  envelope  is  < 0.7  volts 
Pa  = Prob.  envelope  is  > 0.7  volts 
Pa  = 1-P„ 

There  are  two  ways  in  which  the  envelope 
can  be  distorted  so  that  the  envelope  of 
signal-plus-noise  is  below  0.7  volts,  at  one 
of  the  two  samples  : 

The  envelope  may  be  below  0.7  volts  at  the 
first  sample  and  above  0.7  volts  at  the  second 
sample,  or  above  0.7  volts  at  the  first  sample 
and  below  0.7  volts  at  the  second  sample. 


Thus  the  total  probability  that  a one  is 
changed  to  a zero  is 

P10  = 2PaPb  (5.1) 

It  is  then  reasonably  easy  to  obtain  an 
expression  for  the  P10  and  P0 1 as  a function 
of  signal-to-noise  ratio,  a.  First  values  for 
P«  and  Pb  (as  previously  defined)  are  tabu- 
lated as  functions  of  a with  the  value  of  v 
fixed.  Several  curves  may  be  obtained  as  v 
is  varied.  Rice*  has  already  plotted  several 
curves  for  value  of  a = 0,  1,  2,  3,  5,  and 
infinity.  These  curves,  and  some  additional 
curves  which  were  plotted  by  the  author  for 
values  of  a which  are  of  specific  interest, 
were  used  to  obtain  values  of  Pa,  Pb,  and  PA- 
When  values  of  Pa,  Pb,  Pa  were  tabulated, 
these  values  were  used  directly  with  Equa- 
tion (5.1)  to  obtain  curves  for  Pi0  vs  a and 
with  equation  (5.2)  to  obtain  curves  for 
Poi  vs  a. 

These  functions  are  plotted  in  Figures  5-4 
and  5-5.  The  value  of  S/N  used  in  the  calcu- 
lation is  the  value  of  S/N  following  the  5.451 
kc  filter.  This  filter  provides  signal-to-noise 
improvement  of  13  db  over  the  signal-to- 
noise  ratio  out  of  the  command  receiver,  i.e., 
the  improvement  gained  in  going  from  a 20 
kc  bandwidth  to  a 1 kc  bandwidth.  The 
curves  shown  are  plotted  with  respect  to  the 
signal-to-noise  ratio  at  the  output  of  the 
command  receiver.  A similar  analysis  for 
the  calculation  of  P0i  may  be  made.  In  this 
case,  the  noise  must  add  to  the  signal  so  that 
the  envelope  of  signal  and  noise  is  above  0.7 
volts  for  two  samples  by  the  multivibrator. 
Since  the  subcarrier  signal  is  present  for 
only  one  sample,  this  means  that  the  en- 
velope of  noise  alone  must  be  greater  than 
0.7  volts  for  the  second  sample.  Thus,  the 
probability  that  the  envelope  will  exceed  0.7 
volts  for  two  counts  is  (PaPA). 

Pa  = probability  that  the  envelope  of  sig- 
nal-plus-noise is  greater  than  0.7  volts. 

PA  ==  probability  that  the  envelope  of  noise 
alone  is  greater  than  0.7  volts.* 

*Rice,  S.  O.,  “The  Mathematical  Analysis  of  Ran- 
dom Noise,”  Bell  System  Technical  Journal,  Vols. 
23  and  24. 
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Figure  5-4. — Pm  vs.  the  S/N  ratio  at  the  receiver 
output. 


Poi  = 2PaPA  (5.2) 

It  should  also  be  noted  that  for  a given 
signal-to-noise  ratio, 

P 01  = Pl0 

Once  values  of  Pa,  P»,  and  PA  are  calcu- 
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lated,  the  corresponding  values  of  Pi0  and 
Poi  may  be  obtained  by  direct  substitution 
into  Equations  (5.1)  and  (5.2). 

In  Rice’s  paper*,  an  analysis  is  given  for 
the  distribution  of  noise-plus-sine-wave.  For 
the  sake  of  completeness,  the  part  of  Rice’s 
analysis  which  deals  with  the  envelope  of 
noise-plus-sine-wave  will  be  repeated  here. 
It  will  be  seen  that  the  probability  density 
function  for  the  envelope  distribution  may 
be  used  directly  in  the  calculations  of  Pa,  P6, 
and  PA-  If 


V(t)  — P cos  pt  + Vn  (5.3) 


The  envelope  distribution  of  V(t)  is  the 
case  of  interest. 

The  envelope  of  V(t)  is  defined  as  R(t) 
where 

RHt)=(P  + V0)*  + V*  (5.4) 
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where  Vc  is  the  component  of  Vn  in  phase 
with  cos  pt  and  Vs  is  the  component  of  V„  in 
phase  with  sin  pt: 

Vc  = ]£<?«  sin  C (<%  — V)t—  <f>nll 
Vs  = £c„  COS  [ (<a„  — p)  t — 

Vn  = Vc  cos  pt  — Vs  sin  pt 

T?=T}  = v7  = *0 


Figure  5-5. — Pa  vs.  the  S/N  ratio  at  the  receiver 
output. 


Since  the  values  of  P0i  and  Pio  are  now 
available,  it  is  possible  to  obtain  an  expres- 
sion for 


This  event  may  occur  in  two  ways,  i.e., 
first  when  noise  alone  is  sampled  above  0.7 
volts,  followed  by  signal-to-noise  sampled 
above  0.7  volts,  and  the  other  when  the 
sampling  order  is  reversed. 

Thus  the  probability  that  a zero  is  changed 
to  a one  is  given  by  the  expression 


Ps  = probability  of  obtaining  a spurious 
command 

PE  = probability  that  there  is  an  error 
of  any  type  in  a command  word.  Since  the 

*Rice,  S.  O.,  “The  Mathematical  Analysis  of  Ran- 
dom Noise”,  by  Bell  System  Technical  Journal,  Vols. 
23  and  24. 
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code  is  an  error-correcting  code,  one  would 
intuitively  expect  that 

Pb  > Pa 

and  such  is  the  case,  as  will  be  shown. 

The  probability  of  obtaining  a spurious 
command  is  simply  the  sum  of  the  probabil- 
ities of  all  events  which  are  considered  spur- 
ious commands.  Since  there  are  20  possible 
commands,  one  command  is  correct,  and  19 
commands  are  considered  to  be  spurious,  if 
any  one  of  these  should  occur.  Assume  any 
given  command  has  been  sent,  say 

li  la  I3  0i  O2  O3 

where 

li  is  the  first  ONE 

13  is  the  third  ONE 

02  is  the  second  ZERO,  etc. 

This  allows  examination  of  the  code,  with 
no  loss  of  generality. 

If  there  is  an  error  in  14,  i = 1, 2,  or  3,  there 
must  be  a corresponding  error  in  0y,  j = 1,  2, 
or  3 to  produce  a spurious  command  ; and 

Pe(h)  = Pm,  Pe(Oi)  = Poi 

The  probability  of  obtaining  a spurious 
signal  with  an  error  in  only  one  one  and  one 
zero  becomes 

Pe(h)Pem  [C?  ]2  = 9 P10P01 

If  there  is  an  error  in  14  and  ly,  i =4=  y,  i,  j = 
1,  2,  or  3,  there  must  be  corresponding  errors 
in  Ofc  and  0y  fc=f=y,  k,  j = 1,  2,  or  3 and 

Pe(l{ly)  = P102 

Pe(0*0y)=P012 

The  probability  of  obtaining  an  error  in 
two  ones  and  two  zeros  becomes 

Pe  ( li Ij)  PA%  Gy)  (C  I ) 2 = 9 PlO2 Pol2 

Finally,  the  probability  of  obtaining  an 
error  in  all  three  ones  and  all  three  zeros  is 

PAhUh)  PA 0i020s)  (C|)2  = Pio8Poi3. 

Since  the  events  are  mutually  exclusive, 
the  probability  that  any  one  event  occurs  is 


the  sum  of  the  probabilities  of  all  the  events, 
and 

P,  = 9 P10P01  + 9P102 P012  + P103 Poi3-  (5.5) 

The  probability  that  an  error  of  any  type 
occurs  is  where 

Pe  = 1 — Pe1  (5.6) 

PE 1 =?  probability  that  no  error  occurs. 

It  is  not  difficult  to  see  that 

Pe1  = (1-P10)3(l-P0i)3 

Since  the  probability  that  any  given  bit  in 
the  command  is  correct  is  independent  of  the 
probability  that  any  other  bit  is  correct,  by 
direct  substitution  into  (5.6), 

Pb  = 1— (1 — P10)3(l— P01)3  (5.7) 

Curves  of  Ps  and  PB  vs.  the  signal-to-noise 
ratios  on  the  output  of  the  command  receiver 
are  shown  in  Figures  5-6  and  5-7.  These 


Figure  5-6.— P®  vs.  the  SIN  ratio  at  the  receiver 
output. 
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Figure  5-7.— Ps  vs.  the  S/N  ratio  at  the  receiver 
output. 


values  were  obtained  with  the  aid  of  the 
curves  shown  in  Figures  5-4  and  5-5  and 
Equations  (5.7)  and  (5.5). 

Sine eVc  and  Vs  are  normally  distributed 
about  zero  with  a variance  of  ^0,  the  prob- 
ability densities  of  the  variables 

x =P  + VC 

V = Vs 


are 


vgf;exp[ 
v^7exp  [ 

respectively.  Setting 


{x-pv  ] 

2*0  J 

y-  1 

2*0  J 


x ■=  R cos  6 
y = R sin  $ 

and  using  these  distributions  shows  that  the 


probability  of  a point  (x,  y)  lying  in  the 
ring  R,  R + dR  is 


RdR 

2tt  $| 

_ RdR 

2?r  *„ 


- j exp  A.  (R2  + p*  _ RP  cos  e Jd  e 

(5.8) 


exp 


r R2  + Pn 

I IBP) 

L 2*0  J 

X »J 

where  I0  is  the  Bessel  function  with  imagi- 
nary argument 

i0(z)=r 


Z2n  n \ n\ 


which  is  a tabulated  function. 

Employing  a useful  change  of  variables  let 

R , dR  P 

, dv  = — — , a = 


v = ■ 


*o 


1/2 


*o1/2 


(5.9) ! 


a may  be  recognized  as  the  voltage  S/N  ratio 
defined  as  peak  signal/RMS  noise. 

The  random  variable  is  now  changed  from 
R to  v,  whose  probability  density  is 

P(v)  —v  exp  [ ' ^a-]  I0(av)  (5.10)* 

The  probability  that  v is  less  than  some 
stated  amount,  as  distribution  curves  for  v 
may  be  obtained  by  integrating 


V, 

f 


P(v)dv  = P,  (v  < Vi) 


Pr(V<V  i)  =l  — Pr(v<V1) 


Unfortunately  this  integral  requires  nu- 
merical integration.  Rice  provides  a useful 
expression  for  this  purpose  from  W.  R. 
Bennett  in  an  unpublished  work.  This  ex- 
pression is 


Pr(t><vi)  = exp 


f v2  + a?  ] 

1 £ (- 

h\n 

L * : 

\ h.  \ i 

a,  1 

h(av  i) 


THEORETICAL  EXPECTATIONS  OF  THE 
COMMAND  SYSTEM 

Before  describing  the  experimental  results 
obtained  during  Relay  I operation,  it  would 
be  worthwhile  to  present  a theoretical  esti- 

(5.11)* 


*Ibid.,  Section  3-10. 
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mate  of  the  command  system  performance. 
As  was  previously  stated,  the  performance 
could  be  measured  by  the  ability  of  the  com- 
mand system  to  execute  the  desired  com- 
mands without  error.  Two  types  of  errors 
were  mentioned : spurious  commands  as  dis- 
cussed before,  and  the  failure  of  the  command 
system  to  execute  the  desired  commands. 

The  probability  of  spurious  commands  is 
given  by  equation  (6.5)  and  Figure  6-7.  The 
latter  type  of  error  should  be  almost  non- 
occurent  since  commands  are  repeated  five 
times  and 

PM  = probability  of  command  system 
failing  to  execute  the  desired 
command 

Pm  = (Pe)5  (5.12) 

To  obtain  a quantitative  estimate  of  Ps 
and  PM,  Table  5-3  presents  a calculation  of 

Table  5-3 .—Relay  System  Parameters 


Assumed  system  parameters 


Carrier  frequency, _ 

150  Me 

Nominal  range 

7000  nautical  miles 

Polarization 

Circular  (ground).  Linear  (spacecraft) 

Elevation  _ . - — 

10° 

Transmitter  power 

300  watts 

Modulation  _ ,, 

80%  AM 

Calculation  of  received  signal  power 


Item 

Gain  (db) 

Loss  (db) 

Net  power 
level 

Transmitter  power, 

54.8  dbm 

Ground  station  losses  

3.5 

Antenna  gain  _ _ _ , — 

13.5 

Tracking  loss. ...  

0.3 

Net  radiated  power,  _ 

64.5  dbm 

Free  space  loss 

158.2 

Atmospheric  attenuation 

0.5 

Fading  margin, ----- 

5.0 

Spacecraft  antenna  gain 

2.0 

Line  and  diplexer  loss 

1.5 

Receiver  power  split 

3.0 

Polarization  loss, . , . — - 

3.0 

Net  propagation  and 

spacecraft  losses, , - 

173.2  db 

Received  power  — 

- 108.7  dbm 

Calculation  of  the  signal-to-noise  ratio  at  the  receiver  output 


Received  power  (see  above) - - - - — — 108.7  dbm 

Noise  power  at  receiver  input  (see  below) — 117.7  dbm 

Signal-to-noise  ratio  at  the  command  receiver  output.... +9  db 


the  signal-to-noise  ratio  out  of  the  command 
receiver.  Calculations  are  based  on  the  Relay 
system  parameters.  The  expected  signal-to- 
noise  ratio  out  of  the  command  receiver  is 
+9  db.  This  signal-to-noise  ratio  is  so  high 
that  it  does  not  have  a corresponding  value 
for  Ps  or  PE  in  Figures  5-6  and  5-7.  Ps  has 
a value  of  approximately  1 X 10"7  and  S/N0 
= +4  db  and  the  curve  is  falling  off  at  the 
rate  of  approximately  one  order  of  magni- 
tude per  db.  Extrapolating  the  curve  with 
this  approximation  results  in  a value  for 
Ps  of  1 X 10~12  which  is  extremely  low,  and 
this  result  indicates  that  spurious  commands 
would  be  almost  unheard  of. 

In  a similar  manner,  PE  may  be  evaluated. 
At  +9  db,  PB  has  an  approximate  value  of 
1 x 10~7.  This  corresponds  to  a PM  of 
1 x 10'35,  in  other  words,  a missed  command 
would  never  occur. 

A CALCULATION  OF  RECEIVER  NOISE  DENSITY 
AND  RECEIVER  NOISE  POWER 

The  receiver  noise  density  is  given  by  the 
following  expression: 

O’rec  - Kts 

where  K = Boltzmann’s  constant  and  Ts  = 
system  noise  temperature. 

Tt=  -±-  rTA+T1(L1-l)T2(L2-l)L1] 
L x La  L J 

+ (F-1)T0  (5.13) 

Ta  = Antenna  noise  temperature 
T0  = Temperature  of  spacecraft  receiver 
(290°K) 

Ti  = Temperature  of  spacecraft  diplexer 
(290°K) 

T2  = Temperature  of  spacecraft  power 
splitter  (290°K) 

F = Receiver  noise  figure  (10  db) 

Li  = Line  and  diplexer  loss  (1.5  db  or  V2) 
L2  = Receiver  power  splitter  loss  (3.0  db 
or  2) 

Ta  - TEk  + Tc(l-k) 


(5.14) 
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k — Total  fraction  of  galactic  sphere  in- 
tercepted by  earth  for  an  isotropic 
antenna  at  5000  nautical  miles  from 
earth 

Tb  = Temperature  of  earth  (290°K) 

Tc  = Integrated  galactic  noise  temperature 


(To  ^290  A2) 


nr 


j)(5.15) 


k 

Ta 


\(5000  + rB)2/ 
Radius  of  the  earth  in  nautical  miles 
3390  nautical  miles 

0.03 

290  (0.03)  + 1160  (0.97)  = 1130°K 


Substitution  of  this  value  in  the  first  equation 
results  in  the  following  expression: 

Ts  =—  |T  1130  + 290  (V2-  1) 

+ 290(2  — 1)~V2  +(10-1)  290  j 

= 3200°K 


Receiver  Noise  Density 

o>ee  = KTS  or  —163.7  dbm/cps 

P noise  ■=  °rec 

where 

P noise  — Noise  power  at  receiver  input 
Bit  = IF  bandwidth  of  command  receiver 
= 40  kc 

P noise  = —117.7  dbm 


PERFORMANCE  ANALYSIS  OF  THE  ORBITING 
RELAY  I COMMAND  SYSTEM 

Following  the  launch  of  Relay  I spurious 
commands  became  a serious  problem  which 
required  special  investigation. 

The  previous  pages  predicted  the  perform- 
ance of  the  command  system  and  gave  an 
estimate  of  the  number  of  spurious  com- 
mands which  might  be  expected.  But  actual 
spurious  commands  were  occurring  at  a 
much  greater  rate  than  expected. 

Generally  speaking,  the  orbiting  spacecraft 
exhibited  several  anomalous  performance 
patterns.  These  patterns  fell  into  the  fol- 
lowing groups: 

1.  Spurious  Commands  Occurring  Spontane- 
ously 


These  occurred  both  when  the  satellite  was 
in  view  and  out  of  view.  It  was  felt  that 
these  spurious  commands  were  not  related 
to  operational  procedure,  since  the  number 
occurring  during  operation  of  the  spacecraft 
was  roughly  proportional  to  the  length  of 
the  operational  cycle.  For  example,  if  the 
satellite  were  monitored  15  percent  of  the 
time,  approximately  15  percent  of  the  spuri- 
ous responses  occurred  while  the  satellite 
was  monitored.  This  was  most  puzzling, 
since  spurious  commands  were  expected  to 
occur  only  upon  transmission  of  a command. 
All  commands  in  this  category  occurred 
when  commands  were  not  being  transmitted. 

2.  Spurious  Commands  Generated  on  Trans- 
mission of  a Command 

In  this  phenomenon,  there  appeared  to  be 
no  relationship  between  the  code  of  the 
command  sent  and  the  code  of  the  spurious 
command  received.  This  phenomenon  dis- 
appeared when  the  command  transmitter 
power  was  increased  to  3 kw.  There  were 
few  spurious  commands  in  this  category 
and  they  were  the  type  that  were  expected, 

3.  Command  System  Failing  to  Respond  to 
Commands 

This  was  totally  unexpected,  since  the  sys- 
tem calculations  (Table  5-3)  indicated  that 
there  should  be  more  than  enough  margin  in 
the  system.  This  phenomenon  also  disap- 
peared when  the  transmitter  power  was  in- 
creased to  3000  watts. 

4.  High  AGC  Voltage  in  the  Command  Re- 
ceiver 

Telemetry  indicated  signal  presence  in  the 
command  receiver.  The  AGG  voltage  was 
telemetered  for  indication  of  signal  presence, 
and  since  the  command  transmitter  was  off 
except  during  command  transmission,  this 
result  was  surprising. 

A systematic  study  was  undertaken  to 
determine  the  possible  cause  of  the  anoma- 
lous command  system  behavior. 

The  first  effort  was  by  a data  reduction 
team  which  reduced  telemetry  data,  making 


*From  “The  Effective  Noise  Temperature  of  the 
Sky,”  by  Hogg  and  Mumford,  Microwave  Journal, 
March  1960. 
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note  of  unusual  command  system  perform- 
ance. Command  receiver  AGC  was  plotted 
as  a function  of  time  and  spacecraft  loca- 
tion. These  results  were  correlated  with 
NASA  information  on  anomalous  command 
system  behavior  and  studied  for  possible  re- 
lationships between  spacecraft  system  per- 
formance and  the  spurious  commands. 

The  second  effort  consisted  of  a very  thor- 
ough laboratory  study  of  the  command  sub- 
system. Tests  (prior  to  launch)  to  determine 
the  susceptibility  of  the  spacecraft  to  spuri- 
ous commands  proved  to  have  been  too  nar- 
row in  scope,  as  they  considered  only  those 
interfering  signals  whose  center  frequencies 
were  exactly  on  the  frequency  of  the  com- 
mand receiver.  Nevertheless,  confidence  in 
the  Relay  I command  system  was  borne  out 
in  Relay  prototype  and  Relay  I system  tests, 
during  which  the  spacecraft  never  exhibited 
the  anomalous  command  system  performance 
observed  following  launch.  The  tests  in  the 
laboratory  following  launch  were  considered 
to  be  as  thorough  as  possible,  and  these  tests 
revealed  that  several  combinations  of  events 
would  lead  to  spurious  commands  through 
the  RF  command  link.  Attempts  were  made 
to  locate  ground  transmitters  at  or  near  the 
Relay  command  frequency,  and  the  effects 
of  their  signals  were  considered  with  respect 
to  the  results  of  the  laboratory  experiments. 

The  third  part  of  the  study  consisted  of 
an  investigation  of  circuit  changes,  in  the 
command  decoder,  to  eliminate  the  spurious 
commands  observed  during  Relay  I testing. 

Telemetry  Data  Reduction 

Analysis  of  data  obtained  from  telemetry, 
and  subsequent  analysis  of  operations  re- 
ports obtained  from  NASA,  yielded  some 
rather  interesting  results.  The  four  basic 
modes  in  which  the  anomalous  performance 
patterns  may  be  classified  have  previously 
been  described. 

The  first  and  fourth  items  were  the  pre- 
dominant modes  of  anomalous  performance, 
and  since  the  other  anomalies  disappeared 
when  command  transmitter  power  was  in- 
creased, the  major  effort  concentrated  on 


explaining  these  predominate  modes. 

The  spurious  commands  seemed  to  occur 
at  random,  both  with  respect  to  time  and  to 
the  specific  spurious  command.  Table  5-4 


Table  5-4 . — Spurious  Commands  as  a Function  of 
Command  Number  During  January  1963 


NASA 

command 

number 

Command 

t 

Number  of  times 
appeared 
spuriously 

1 

Load  cutoff  normal v- 

1 — Normal  state 

2 

Transponder  No.  1 ON  

3 

3 

Transponder  No.  2 ON . _ . _ — 



4 

Transponder  No.  1 & 2 OFF.. 

0— Normal  state 

5 

Radiation  experiments  OFF 

1— Normal  state 

6 

Radiation  experiments  ON - - 

9 

7 

Telemetry  encoder  ON 

(horizon  scanner  OFF)  _ . _ _ 

2 

8 

Horizon  scanner  ON 

(telemetry  encoder  OFF) 

4 

9 

Modulate  telemetry  trans.  No.  1__ 

8 

10 

Modulate  telemetry  trans.  No.  2_ . 

0 — Normal  state 

11 

Attitude  control  negative  

3 

12 

Attitude  control  positive . 

6 

13  i 

Horizon  scanner  and  attitude 

control  OFF  - _ 

2 — Normal  state 

14  1 

Encoder  OFF  „ _ . 

2 — Normal  state 

15 

Telemetry  transmitters 

No.  1 & No.  2 ON 

9 

16 

Telemetry  transmitter  No.  2 OFF. 

9 

17 

Telemetry  transmitter  No.  1 OFF. 

5— Normal  state 

18 

Phone  ON— TV  OFF 

1 

19 

TV  ON— phone  OFF . _ _ 

2 

20  j 

Load  cutoff  override 

7 

gives  a listing  of  the  commands  and  the 
frequency  of  their  occurrence.  It  should  be 
noted  that  certain  commands  could  have  oc- 
curred spuriously  and  gone  unnoticed.  For 
example,  a Wideband  Systems  #1  and  #2 
OFF  command  would  not  be  noticed  if  the 
wideband  systems  were  off.  Since  the  wide- 
band systems  shut  themselves  off  after  two 
minutes  if  no  carrier  is  present  in  the  wide- 
band receiver,  a Wideband  ON  spurious 
command  would  go  unnoticed  unless  the 
spacecraft  was  in  view.  Some  evidence  has 
been  found  that  the  Wideband  Systems  had 
come  on  spuriously  and  shut  themselves  off. 
This  evidence  lies  in  the  fact  that  the  space- 
craft temperature  in  the  vicinity  of  the 
TWT  was  higher  than  anticipated  when  te- 
lemetry data  was  taken,  indicating  that  the 
TWT  had  probably  been  on  sometime  during 
the  orbit. 
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Another  anomaly  which  became  apparent 
during  a study  of  the  spurious  commands 
was  the  occasional  inversion  of  telemetry 
modulating  signals.  Inversion  of  telemetry 
modulating  signals  means  that  the  encoder 
signal  is  suddenly  replaced  by  the  horizon 
scanner  signal  (or  vice  versa) . This  is  con- 
sistent with  the  circuit  logic  employed  in  the 
Command  Control  Box  to  ensure  that  the  two 
telemetry  modulating  signals  are  not  com- 
manded on  simultaneously.  Occasionally, 
when  the  satellite  went  out  of  view  (of  the 
Nutley,  New  Jersey  tracking  station)  with 
the  horizon  scanner  signal  modulating  the 
transmitter,  it  came  back  into  view  on  the 
next  orbit  with  the  encoder  modulating  the 
transmitter.  This  seems  to  point  to  spurious 
commands  being  generated  through  the  KF 
command  link  (rather  than  from  transitions 
in  command  control  box  flip-flop  memories) 
since  it  would  require  two  transistions  in  the 
flip-flops  to  give  the  telemetry  modulating 
reversal  described  above.  The  random  oc- 
currence of  commands  indicated  by  Table 
5-4  seems  to  indicate  that  no  particular 
command  decoder  output,  or  command  con- 
trol input,  is  more  sensitive  to  spurious 
signals  than  another. 

Varying  command  receiver  AGC  of  levels 
much  higher  than  anticipated  also  proved  to 
be  a cause  of  major  concern.  The  pattern 
evolved  that  the  AGC  in  the  command  re- 
ceiver could  be  as  high  as  six  microvolts 
when  the  wideband  system  was  on,  or  when 
both  telemetry  transmitters  were  on.  As 
will  be  explained  later,  tests  conducted  on  the 
prototype  spacecraft  revealed  that  the  second 
harmonic  of  the  wideband  receiver  IF  Am- 
plifier interfered  with  the  command  system. 
While  this  explained  some  of  the  high  AGC 
readings,  there  were  still  numerous  eases 
where  the  wideband  system  was  off,  and  te- 
lemetry indicated  signal  presence  in  the 
receiver. 

There  did  seem  to  be  a relationship  be- 
tween high  AGC  and  spurious  commands 
although  the  correlation  sample  available 
was  too  small  to  arrive  at  any  solid  con- 
clusions. It  is  mentioned  at  this  time,  since 


this  phenomenon  was  observed  and  the  re- 
sults of  laboratory  work  bear  this  theory 
out.  Generally  speaking,  it  may  be  said  that 
spurious  commands  implied  high  command 
receiver  AGC,  but  the  converse  was  not  true. 

The  occasional  spurious  command  gener- 
ated when  a command  was  transmitted,  and 
the  failure  of  the  command  system  to  re- 
spond to  a command  occurred  when  the 
AGC  of  the  receiver  was  unusually  high.  It 
is  believed  that  these  phenomena  were 
caused  by  other  signals  blocking  the  com- 
mand receiver,  since  they  disappeared  when 
the  command  transmitter  power  was  in- 
creased. Laboratory  experiments  described 
in  the  following  pages  have  shown  that  if 
two  signals  are  present  in  the  receiver,  the 
signal  which  is  3 db  stronger  will  capture 
the  system ; if  the  signals  are  of  comparable 
signal  strength  and  one  signal  is  quite  noisy, 
the  command  information  carried  by  the 
other  signal  may  be  distorted  enough  to  give 
a spurious  command.  This  is  the  type  of 
spurious  command  which  has  been  analyzed 
in  the  first  section. 

Laboratory  Investigation 

Using  results  obtained  from  the  analysis 
of  Relay  I performance,  a careful  laboratory 
investigation  was  begun  to  study  the  effects 
of  interfering  signals  on  the  command  sys- 
tem. Extensive  tests  were  run  and  a de- 
scription of  the  tests  and  their  results  are 
tabulated  in  Table  5-5.  As  would  be  ex- 
pected, the  key  to  generation  of  spurious 
commands  was  in  opening  the  squelch  cir- 
cuit in  the  decoder.  The  squelch  circuit  in- 
hibits generation  of  any  command,  unless  it 
is  opened  with  a 5.4  kc  subcarrier  tone  for 
an  appropriate  length  of  time.  But  once  the 
squelch  is  opened,  the  door  is  opened  to 
spurious  commands,  as  evidenced  by  the 
Table  5-4. 

One  surprising  result  was  the  effect  of 
AM  and  FM  signals,  the  carriers  of  which 
were  located  on  the  skirt  of  the  command 
receiver  response  curve.  Since  the  skirt  of 
the  receiver  response  curve  acted  like  an  FM 
discriminator,  audio  outputs  were  obtained 
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Table  5-5. — Laboratory  Tests  on  the  Relay  Command  Subsystem 


Test  description 

Command  decoder  squelch 

Results 

Modulating  carrier  with  random  noise  (0-20  kc) 

Squelch  would  not  open 

No  false  commands 

Modulating  carrier  100%  with  audio  tone  swept  from  10  cps 
to  20  kc.  Slow  and  rapid  scan. 

Squelch  opens  in  vicinity  of 
5.4  kc 

No  false  commands 

Two  carriers — one  CW,  one  modulated  with  commands 

Squelch  opened  for 
commands 

No  false  commands. 
Signal  3 db  stronger 
captured  system 

Two  carriers — one  modulated  80%  with  proper  codes,  one 
modulated  20-80%  by  2.5  kc  keyed  2-100  cps 

Squelch  opened  only  for 
proper  commands 

No  false  commands;  2.5 
kc  would  not  open 
squelch 

No  input;  maximum  receiver  noise  output.  (600  mv.  RMS) 

Squelch  manually  held  open 

No  false  commands 

Subcarrier  frequency  varied  from  2.5-8  kc.  Proper  commands 
modulating  subcarrier.  80%  RF  modulation 

Squelch  manually  held 
open 

No  false  commands; 
commands  would  acti- 
vate from  4.5-6  kc 

Correct  commands  with  2.5  kc  subcarrier  overmodulating  the 
carrier 

Squelch  manually  held 
open 

Command  system 
responded 

Using  an  electric  drill  to  produce  noise,  varying  speed  and  level 

Squelch  manually  held 
■ open 

No  false  commands. 
Command  receiver 
AGC  read  as  high  as 
80  „ volts 

Tested  decoder  to  see  if  temperature  difference  would  open  the 
squelch 

Squelch  would  not  open  for 
temperature  difference 
of  10°C 

No  input;  maximum  receiver  noise  output.  (600  mv.  RMS). 
Decoder  one  shot  read  window  held  open 

Squelch  manually  held 
open 

False  commands  occurred 
at  the  rate  of  1 per 
minute 

Two  low  level  carriers  (0.5  v.)  applied  to  system  5.4  kc  apart 

Squelch  opened 

Sporadic  false  commands 

Carrier  at  148.260  Me — 15  kc  frequency  modulated  with  an 
audio  frequency  signal 

Squelch  opened 
sporadically 

Occasional  false 
commands 

which  generated  spurious  commands  in  the 
command  system.  The  mechanism  which 
generated  the  spurious  commands  was  the 
AGC  system  which  saw  a lower  average 
power  than  it  did  with  an  on-center  fre- 
quency signal,  due  to  the  characteristics  of 
the  20  Me  crystal  filters. 

The  gain  of  the  receiver  was  then  greater 
than  normal  for  side  bands  of  the  signal 
closer  to  center  frequency.  In  this  way,  audio 


output  voltages  greater  than  could  be  ob- 
tained by  on-center  frequency  signal  were 
observed.  These  higher  audio  outputs  were 
capable  of  opening  the  squelch  circuit  and 
generating  spurious  commands.  Another 
contributing  factor  lay  in  the  fact  that  the 
spectrum  of  interfering  signals  might  be 
narrower  than  the  20  kc  spectrum  which  the 
receiver  was  capable  of  handling.  The  spec- 
trum on  the  interfering  signal  might  contain 
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components  close  to  the  subcarrier  frequency 
and  hence  the  theoretical  IB  db  improvement 
provided  by  the  bandpass  filter  in  the  com- 
mand decoder  could  not  be  expected. 

Broadcast  material  such  as  rock  and  roll 
music  was  recorded  and  played  into  the  com- 
mand system  by  means  of  an  FM  signal 
generator  whose  carrier  frequency  was  15  kc 
below  the  Relay  command  frequency  of 
148.260  Me.  With  a signal  strength  of  3 
microvolts,  spurious  commands  were  gener- 
ated at  the  rate  of  several  per  minute.  The 
corrective  approach  would  be  to  modify  the 
command  decoder  to  discriminate  against 
noise  signals.  This  is  discussed  more  fully 
in  the  section  on  the  decoder  modifications. 

On  the  basis  of  these  experiments,  a theory 
arose  that  ground-based  stations  near  the 
Relay  command  frequency  could  be  causing 
spurious  commands.  An  attempt  to  pinpoint 
ground  stations  was  made  by  plotting  the 
satellite  orbit  and  recording  AGC  voltage 
along  with  the  orbit  in  the  correct  position. 
The  idea  was  to  see  if  the  transition  between 
high  AGC  and  low  AGC  was  gradual  or 
abrupt.  In  several  cases  abrupt  changes 
were  evident.  This  would  correspond  to  the 
satellite  dropping  out  of  view  of  a trans- 
mitting station.  By  making  note  of  the 
points  at  which  these  transitions  occurred, 
the  station  could  be  pinpointed  on  the  map. 
Figure  5-8  indicates  the  geometry  involved. 
The  perpendicular  bisectors  of  the  chords 
between  three  transition  points  intersect 
at  the  location  of  the  transmitting  station. 
Figure  5-9  shows  orbit  data  plotted  for 
three  orbits  which  revealed  sharp  transitions 
in  the  AGC.  Straight  lines  connect  the  tran- 
sition points.  Perpendicular  bisectors  inter- 
sect at  a point  in  the  lower  half  of  South 
America.  The  results  do,  however,  point 
to  the  fact  that  signals  near  the  Relay  fre- 
quency are  being  radiated  from  South 
America.  A check  on  international  commu- 
nications frequency  assignment  did  reveal 
an  Argentine  station  AYY627  at  148.255 
Me.  It  is  rated  at  250  watts  and  emission 
36F3.  At  minimum  range  which  is  in  the 
Southern  hemisphere,  50  watts  would  pro- 
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Figure  5-8. — Geometry  involved  in  the  location  of  a 
transmitter. 


duce  a signal  level  of  about  3 microvolts. 
This  would  be  sufficient  to  produce  spurious 
commands. 

The  investigation  of  ground  stations  ra- 
diating at  or  near  the  command  frequency 
of  148.260  Me  brought  up  several  interesting 
points.  As  mentioned  above,  ground  stations 
do  exist  which  either  share  or  infringe  on 
the  Relay  command  frequency.  FM  stations 
in  Canada  and  the  United  States  also  have 
sufficient  power  to  interfere  with  the  com- 
mand receiver.  European  stations  are  be- 
lieved to  exist  in  this  band  ( 148.26  Me  ± 40 
kc)  radiating  as  much  as  1 kw. 

In  the  United  States  alone  there  are  sev- 
eral satellites  which  share  the  Relay  com- 
mand frequency;  Injun  and  Syncom  both 
had  active  ground  stations  during  the  period 
in  which  high  AGC  levels  and  spurious 
commands  were  received.  The  effect  of  the 
Injun  command  system  has  been  shown  in 
the  laboratory  to  have  little  probability  of 
generating  a suprious  command  in  the  Relay 
spacecraft.  RCA  personnel  visited  the  Syn- 
eom  ground  station  at  Lakehurst,  New  Jer- 
sey. Tests  there  revealed  no  spurious 
commands,  however,  the  decoder  squelch 
circuit  would  open  with  certain  modulating 
signals  used  during  Syncom  operation.  This 
is  mentioned  since  the  opening  of  the  squelch 
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Figure  5-9. — Orbit  data  from  three  passes  which  showed  abrupt  changes 
in  telemetered  AGC  voltage. 


is  the  key  to  spurious  commands.  The  OAO 
Project,  Project  SERT,  and  a military  sat- 
ellite, all  share  the  Relay  command  fre- 
quency. The  military  satellite  is  the  only 
operational  satellite,  other  than  Relay  and 
Injun,  and  while  little  information  is  avail- 
able on  the  military  satellite,  it  is  known 
that  this  satellite  is  also  experiencing  spuri- 
ous commands. 

The  possibility  that  spurious  commands 
could  be  caused  by  internally  radiated  RF 
(such  as  from  the  wideband  system  or  the 
telemetry  transmitters)  was  also  thoroughly 
investigated.  Extensive  testing  of  the  pro- 
totype following  launch  of  flight  model  I re- 
vealed the  following: 

1.  Radiation  from  the  wideband  system 
does  exist.  The  high  signal  level  present 


when  the  wideband  system  was  turned  on 
could  be  explained  by  the  fact  that  the  IF 
frequency  of  the  wideband  repeater  is  70 
Me  and  is  25  Me  wide.  The  IF  output  is 
limited  and  then  tripled.  In  the  tripling 
process,  a considerable  second  harmonic  is 
also  produced.  The  second  harmonic  of  74 
Me  is  148  Me,  and  thus  it  is  reasonable  to 
expect  that  this  is  probably  the  source  of 
the  wideband  interference  noted  during  Re- 
lay I operation.  This  interference  is  not 
the  type  which  could  cause  spurious  com- 
mands in  itself,  since  the  interference  is  in 
effect  a white  noise  spectrum  across  the  re- 
ceiver band.  Tests  on  the  command  system 
have  shown  that  pure  random  noise  alone 
is  not  sufficient  to  cause  spurious  commands, 
unless  it  is  of  a level  greater  than  the  com- 
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mand  receiver  can  supply.  It  is  desirable  to 
reduce  this  interference,  however,  since  it 
serves  to  de-sensitize  the  command  receiver. 

It  was  found  also  that  interference  was 
being  radiated  from  power  leads  to  the 
wideband  system.  These  leads  were  long 
enough  to  become  antennas  at  the  command 
frequency.  The  effect  of  these  leads  as 
radiators  could  be  decreased  with  a combina- 
tion of  shielding  and  addition  of  ferrite 
co-axial  filters  on  the  leads.  This  made  radi- 
ation from  the  power  leads  at  the  command 
frequency  virtually  impossible. 

2.  Interference  from  the  telemetry  trans- 
mitters could  occur  only  when  there  was  an 
unbalance  in  the  diplexers,  such  as  a broken 
antenna  whip.  Such  an  unbalance  does  not 
cause  spurious  commands,  however;  the  un- 
balance produces  a blocking  effect  on  the 
command  receiver,  and  the  command  system 
fails  to  respond  to  command. 

Command  Decoder  Investigation 

Following  experiments  performed  in  the 
laboratory  to  determine  mechanisms  for 
spurious  commands,  the  command  decoder 
circuit  was  re-evaluated  to  see  if  any  of  these 
mechanisms  might  be  avoided  in  the  future. 
One  improvement  was  immediately  apparent. 
Spurious  commands  occurred  when  the  en- 
ergy in  the  subcarrier  band  was  irregular, 
as  might  be  expected  with  an  interfering 
signal.  The  squelch  circuit  in  the  decoder 
was  thus  keyed  on  and  off  and  the  voltage 
regulator  for  the  counters  in  the  decoders 
was  keyed  on  and  off  as  well.  Greater  sta- 
bility could  be  maintained  in  the  counters  if 
the  regulated  voltage  was  on  constantly  and 
the  squelch  signal  used  to  inhibit  the  output 
of  the  Schmitt  trigger,  rather  than  using 
the  squelch  signal  to  turn  on  the  regulator. 

Another  possibility  for  improvement  of 
the  decoder  could  be  realized  if  the  signals 
of  low  signal-to-noise  ratio  could  be  rejected. 
A careful  study  of  the  code  waveform  at 
various  points  in  the  decoder  was  made. 
Recognition  and  rejection  of  the  noisy  sig- 
nals could  be  made,  following  the  slicer 
amplifier  and  demodulator  circuit,  by  inte- 


grating the  signal  at  this  point.  Integration 
provides  a measure  of  the  energy  in  the 
signal,  and  since  the  energy  in  any  code 
waveform  is  less  than  the  energy  of  a code 
waveform  plus  noise,  this  fact  may  be  used 
to  discriminate  between  a code  signal  with 
a small  amount  of  noise  and  a code  signal 
with  a great  deal  of  noise.  Such  a circuit 
was  designed  and  incorporated  into  a de- 
coder. The  period  of  integration  was  100 
milliseconds  or  approximately  the  period  of 
one  command  word. 

A threshold  device  sensed  the  output  of 
the  integrating  network  and  provided  a sig- 
nal if  the  integrated  value  exceeded  a preset 
level.  This  signal  was  provided  as  an  addi- 
tional input  to  the  squelch  circuit  so  that  now 
either  of  two  events  could  squelch  the  de- 
coders: the  absence  of  signals  in  the  sub- 
carrier band,  and  the  presence  of  too  much 
energy  in  the  subcarrier  band  (as  would 
correspond  to  a signal  distorted  greatly  by 
noise) . 

The  squelch  circuit  was  changed  so  that 
this  signal  no  longer  was  used  to  turn  on  and 
off  the  regulated  supply  to  the  counters.  In- 
stead, the  squelch  action  was  applied  to  the 
output  of  the  Schmitt  trigger  circuit. 

This  modified  decoder  was  then  used  in  a 
test  which  had  produced  spurious  commands 
with  the  original  decoder.  This  modified 
decoder  proved  to  be  free  of  spurious  com- 
mands. It  was  recommended  that  these  mod- 
ifications be  incorporated  in  all  future  Relay 
decoders. 

While  this  modification  proved  to  be  quite 
eifective,  testing  was  continued  to  see  if  any 
weak  links  still  existed  which  might  cause 
problems  in  the  operational  Relay  system. 
Extensive  laboratory  tests  revealed  one  very 
restrictive  set  of  circumstances  which  would 
result  in  spurious  commands.  When  com- 
manding at  the  threshold  of  the  command 
system,  i.e.,  at  that  RF  level  which  was 
barely  adequate  to  effect  a command,  spurious 
commands  at  threshold  often  follows  very 
closely.  The  frequency  of  spurious  com- 
mands at  threshold  follows  very  closely  the 
value  predicted  by  Equation  (5.5)  for  the 
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signal-to-noise  ratio  expected  at  threshold. 
The  value  of  signal-to-noise  at  threshold  may 
be  shown  to  be 


A = Zero  to  peak  amplitude  of  the  signal 
at  threshold 

*01/2  = RMS  value  of  the  noise  at  threshold 
R0  — RMS  value  of  the  receiver  output 

A0  = 1 volt  RMS, 

A = 0.7  volts  at  threshold 

A2 

~ + *0  = R2o 

z 

*0  = 0.75  — - a2 
*0 

= 0.66  or  S/N  | db  .=  -1.75  db 

Since  the  filter  provides  13  db  improve- 
ment, the  S/N  after  the  bandpass  filter  is 
11.25  db.  This  corresponds  to  a probability 
of  spurious  command  (from  Figure  5-7)  of 
1 X 10-3.  The  obvious  solution  to  the  greater 
susceptibility  of  the  decoder  to  spurious 
signals  at  threshold  is  to  assure  that  com- 
manding is  done  well  in  excess  of  threshold. 

CONCLUSIONS  AND  GENERAL  REMARKS 

The  preceding  analyses  and  discussion 
centered  around  a specific  example  of  a satel- 
lite command  system.  The  following  discus- 
sion is  included  to  broaden  the  scope  of  this 
thesis,  since  spurious  signals  in  any  satellite 
command  system  create  problems  for  the 
design  engineer  which  should  not  be  ignored. 
Usually,  when  a command  system  is  designed, 
its  operation  is  successful  only  within  the 
framework  established  by  the  system  de- 
signer. Theoretical  performance  calculations 
are  only  valid  within  this  framework,  and 
too  often  real  situations  are  ignored  or  for- 
gotten in  establishing  the  framework.  The 
result  is  in  the  emergence  of  a system  in 
which  the  actual  performance  differs  con- 
siderably from  the  performance  predicted 
by  theory.  The  solution  to  this  problem  is 
not  clear-cut.  On  one  hand  the  system  de- 
signer may  attempt  to  expand  the  frame- 


work of  his  design  in  arriving  at  theoretical 
performance  predictions.  On  the  other  hand 
the  designer  may  require  an  operational  pro- 
cedure in  commanding  which  assures  that 
the  system  is  operating  within  the  frame- 
work of  the  original  design.  Both  solutions 
require  working  knowledge  of  the  problems 
encountered  by  various  systems,  such  as 
Relay  I,  and  it  is  felt  that  some  of  the  prob- 
lems discussed  here  are  common  to  all  satel- 
lite programs.  It  is  unfortunate  that  little 
documentation  is  available  on  systems  other 
than  Relay,  and  this  paper  provides  the  only 
documentation  available  on  that  program. 

The  fundamental  concept  in  the  analysis  of 
the  orbiting  Relay  I system  was  the  realiza- 
tion that  interfering  signals  had  a profound 
effect  on  operation  of  the  satellite.  These 
interfering  signals  should  be  considered  as 
a basic  problem  which  any  command  system 
will  encounter,  i.e.,  they  should  be  included 
within  the  framework  of  the  system  design, 
and  necessary  precautions  taken  to  minimize 
their  effect  on  the  system.  It  is  common 
practice  today  to  estimate  the  performance 
of  a system  with  the  aid  of  a mathematical 
model  in  which  interference  is  neglected  and 
gaussian  noise  is  the  only  variable  against 
which  system  performance  is  measured.  The 
value  of  analyses  such  as  these  lies  in  the 
mathematical  convenience  of  the  gaussian 
model  since  results  are  often  obtained  in 
closed  form.  These  analyses  also  provide 
expressions  with  which  a comparative  anal- 
ysis of  different  systems  may  be  made.  It  is 
here  that  their  value  ends,  however,  since 
the  gaussian  noise  interference  would  ac- 
tually be  only  a second  order  effect  in  the 
presence  of  intense  interference. 

There  are  two  basic  effects  which  result 
from  the  presence  of  interfering  signals. 
The  first  effect  is  the  so-called  capture  effect. 
The  interfering  signal  is  thus  stronger  than 
the  proper  command  signal  and  the  command 
message  is  not  received  by  the  satellite.  The 
second  effect  is  the  concentration  of  the  in- 
terfering signal  spectrum  in  a band  much 
narrower  than  the  video  bandwidth  of  the 
command  receiver.  This  effect  results  in 
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signal-to-noise  ratios  much  lower  than  ex- 
pected when  bandwidth  reduction  techniques 
are  used  to  provide  signal-to-noise  improve- 
ment in  the  system.  The  lower  signal-to- 
noise  ratios  obtained  result  in  system  per- 
formance which  is  much  worse  than  the 
performance  predicted  by  theory. 

The  solution  to  this  system  designer’s  di- 
lemma lies  in  the  acknowledgement  that 
spurious  signals  are  indeed  a problem,  and 
then  attacking  the  problem  from  several 
angles  which  will  be  discussed  below.  In 
general,  however,  it  may  be  stated  that  any 
system  design  should  be  considered  incom- 
plete unless  major  consideration  is  given  to 
the  effect  of  spurious  signals.  This  may  be 
done  in  several  ways  and  a discussion  of 
each  technique  follows. 

The  Inclusion  of  Spurious  Signals  in  the 
Performance  Analysis 

Needless  to  say,  this  would  be  a valuable 
tool  in  estimating  any  system’s  performance 
were  it  not  for  the  fact  that  the  mathe- 
matical complexity  which  occurs  may  obscure 
the  desired  results.  This  has  been  encount- 
ered in  the  development  of  expressions  for 
error  probability  as  functions  of  the  signal- 
to-noise  ratio.  This  is  so  because  in  practice 
there  are  no  systems  whose  probability  of 
error  is  a function  of  the  signal-to-noise 
ratio  alone.  Another  important  factor  in  any 
error  analysis  is  the  effect  of  the  receiver 
AGC  on  the  output  signal-to-noise  ratio. 
This  is  especially  important  when  the  effect 
of  interfering  signals  is  considered.  A sec- 
ond factor  would  be  the  nature  of  the  inter- 
fering signals,  i.e.,  an  analysis  which  con- 
sidered white  noise  interference  would  pro- 
duce results  which  may  differ  considerably 
from  the  results  obtained  with  an  analysis 
which  considered  CW-type  interference. 

Generally  speaking,  it  is  extremely  diffi- 
cult to  include  interfering  signals  in  any 
mathematical  model  of  a command  system, 
and  only  that  type  of  interference  which 
would  seriously  degrade  the  performance  is 
worth  considering  at  all. 


Recently  some  systems  have  evolved  which 
tend  to  decrease  the  effect  of  interfering 
signals.  These  systems  employ  spectrum 
spreading  such  as  would  be  obtained  with 
modulation  index  FM  or  large  modulation 
bandwidths  as  would  be  obtained  with  the 
so-called  random-access,  discrete-address, 
class  of  systems.  Systems  such  as  these  have 
been  proposed  for  various  secure  communi- 
cations networks.  They  unfortunately  re- 
quire a large  portion  of  the  spectrum  and 
corresponding  increases  in  equipment  com- 
plexity. Systems  such  as  these  may  be  more 
immune  to  interference  but  the  cost  in  terms 
of  bandwidth,  weight,  and  circuit  complexity 
makes  them  unfeasible  for  command  control 
systems. 

Secure  Command  Systems  Through  Increased 
Complexity  in  Operational  Procedures 

This  technique  is  being  employed  today  in 
several  satellite  command  systems,  and  re- 
sults indicate  a practical  solution  to  the  prob- 
lem of  spurious  commands.  Basically  there 
are  two  procedures  employed. 

One  procedure  involves  transmission  of 
the  command,  decoding  the  command  in  the 
satellite,  tranmission  of  the  command  veri- 
fication from  satellite  to  earth,  and  trans- 
mission of  a command-execute  signal  to  the 
satellite.  Such  a technique  requires  a two- 
way  communication  but  this  usually  is  not  a 
problem  since  such  verification  may  be  easily 
provided  through  the  telemetry  link. 

The  second  procedure  requires  transmis- 
sion of  the  command  a second  time  and  a 
bit-for-bit  comparison  is  made  in  the  satel- 
lite. Naturally,  this  type  applies  only  to  digi- 
tal command  systems. 

The  techniques  described  here  practically 
eliminate  spurious  commands,  although  they 
certainly  don’t  solve  the  problem  of  intense 
interference  capturing  the  command  system. 
The  only  solution  to  that  problem  is  to  pro- 
vide command  signal  levels  at  the  satellite 
well  in  excess  of  the  calculated  system 
threshold. 
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Command  System  Squelching  with  Improper 
Signal  Recognition 

This,  essentially,  is  the  technique  employed 
in  the  modification  program  performed  on 
the  decoders  for  use  in  the  Relay  II  program. 
This  technique  examined  the  command  sig- 
nal for  characteristics  to  distinguish  the  com- 
mand signal  from  a spurious  signal  in  the 
receiver.  In  the  Relay  system,  the  integrated 
command  signal  level  was  less  than  the  in- 
tegrated signal  of  random  noise,  voice,  or 
any  waveform  whose  duty  cycle  in  a given 
period  was  100  percent.  As  described  ear- 
lier, this  integrated  signal  level  was  passed 
through  a threshold  device  and  the  output 
used  to  squelch  or  unsquelch  the  decoder, 
depending  on  whether  the  proper  command 
signal  or  a spurious  signal  was  present.  An 
identical  technique  could  be  used  in  almost 
any  digital  command  system.  Results  from 
the  operation  of  the  Relay  II  satellite  indi- 
cate proper  command  system  performance, 
i.e.,  no  spurious  commands  since  the  launch, 
and  the  problem  of  spurious  commands  oc- 
curring spontaneously  has  been  virtually 
eliminated. 


The  three  techniques  described  above 
should  be  considered  practical  answers  to 
the  problem  of  spurious  signals  in  satellite 
command  control  systems.  Radio  frequency 
interference  has  always  been  a practical 
problem  in  communication  systems  and  the 
elimination  of  the  problem  is  impossible  un- 
less systems  are  designed  with  RFI  in  mind. 
This  paper  has  concerned  itself  with  inter- 
ference in  satellite  command  systems  be- 
cause so  little  information  is  available  for 
review  by  systems  designers.  There  is  some 
feeling  today  that  spurious  commands  which 
. occur  in  satellite  programs  should  not  be 
publicized  as  they  might  reflect  design  de- 
ficiencies and  prove  to  be  a source  of  embar- 
rassment. Such  a philosophy  not  only  is 
unwarranted  but  also  contributes  to  the  de- 
signer’s dilemma.  The  designer  is  left  to 
learn  by  bitter  experience  or  word-of-mouth 
of  the  problems  encountered  by  others  in  this 
field. 

Author.  This  chapter  was  written  by  J. 
C.  Blair  of  the  Radio  Corporation  of  Amer- 
ica, Princeton,  New  Jersey,  U.S.A.  under 
contract  NAS  5-1272  with  NASA/Goddard 
Space  Flight  Center. 
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The  Energetic  Particle  Environment  of  Relay  I 

/otfl 

Two  semiconductor  p-n  junction  particle  detectors  have  been  supplied  by  Bell 
Telephone  Laboratories  for  the  Relay  I payload  in  order  to  evaluate  portions  of  the 
energetic  particle  environment  encountered  by  the  spacecraft  and  to  add  to  the  over -all 
understanding  of  the  trapped  radiation  belts.  One  of  these  detectors  measures  electrons 
with  energies  above  approximately  1 Mev,  and  the  other  measures  protons  in  several 
energy  ranges  with  principle  sensitivity  in  the  2,5  to  8 Mev  region.  Analysis  of  the 
first  seven  months  of  data  shows  the  electron  measurements  to  be  in  good  agreement 
with  those  made  on  Explorer  XV,  and  to  be  characterized  by  a stable  high  intensity 
inner  belt  with  a maximum  on  a magnetic  field  line  with  L ~ 1.3  earth  radii,  a rela- 
tively unstable  outer  belt  with  a maximum  on  a magnetic  field  line  approximately  4.5 
earth  radii,  and  a deep  minimum  between  2 and  3.5  earth  radii.  The  flux  of  low 
energy  protons  reaches  a single  maximum  at  an  equatorial  value  of  L of  about  1,9 
earth  radii  for  protons  of  about  5 Mev  and  2.1  earth  radii  for  protons  of  about  2.5  Mev. 
It  is  these  low  energy  protons  with  their  extremely  high  damage  rate  per  particle  in 
semiconductor  materials  that  are  responsible  for  most  of  the  damage  sustained  in 
radiation  damage  experiments  with  unshielded  solar  cells  on  Relay  I,  The  observed 
maxima  in  the  damage  rate  coincide  with  periods  during  which  the  satellite  is 
a large  amount  of  time  in  or  near  the  maximum  in  the  proton  distribution. 


describes  the  parts  of  the  radiation  experi- 
ment provided  by  Bell  Telephone  Labora- 
tories and  discusses  some  of  the  results 
that  have  been  obtained  from  analysis  of  the 
first  seven  months  of  data.  It  concludes  with 
consideration  of  the  radiation  damage  effects 
that  the  environment  can  be  expected  to 
produce. 

DESCRIPTION  OF  THE  EXPERIMENTS 
The  Particle  Detectors 

The  experiments  include  two  detectors 
which  are  designed  to  measure  electrons  and 
low  energy  protons  throughout  the  inner 
Van  Allen  belt  and  a part  of  the  outer  belt. 


INTRODUCTION 

The  electrons  and  protons  distributed  in 
the  Van  Allen  belts  present  a number  of  un- 
resolved geophysical  questions  concerning 
their  origin  and  their  interaction  with  the 
fluctuating  magnetic  field  of  the  earth  and 
the  electromagnetic  and  hydomagnetic  waves 
which  propagate  in  the  trapped  particle 
space.  These  particles  also  present  a vari- 
ety of  technological  problems  since  they  con- 
stitute a radiation  environment  which  is 
damaging  to  electronic  components  in  satel- 
lites. The  radiation  experiments  on  Relay  I 
were  designed  to  help  answer  both  the  scien- 
tific and  technological  questions.  This  report 


403 


404 


RELAY  I— PART  II 


Both  of  the  detectors  are  phosphorous  dif- 
fused silicon  p-n  junction  diodes.  A cross 
section  view  of  the  detector  construction  is 
shown  in  Figure  6-1.  The  active  device  is 


Figure  6-1. — Cutaway  view  of  the  particle  detector. 

encapsulated  in  a transistor-like  can  to  pro- 
vide high  reliability  under  varying  ambient 
atmospheric  conditions.  The  entrance  aper- 
ture in  the  lid  of  the  can  is  2 millimeters 
in  diameter.  The  vacuum  tight  encapsulation 
is  completed  over  this  aperture  with  a thin 
Kovar  diaphragm  of  approximately  6.5 
mg/cm2  surface  density.  This  packaging  has 
provided  long  term  stability  to  the  device 
characteristics,  which  are  extremely  sensi- 
tive to  changes  in  the  chemistry  at  the  sur- 
face of  the  device. 

The  diode  is  operated  under  reverse  bias 
as  a small  solid  state  ionization  chamber. 
Figure  6-2  shows  schematically  its  mode  of 
operation.  There  is  a space  charge  region  or 
depletion  layer  adjacent  to  the  extremely 
thin  (approximately  4 microns)  heavily 
doped  phosphorous  diffused  surface  layer. 


Figure  6—2. — Schematic  of  detector  operation. 


The  thickness  of  the  space  charge  region  de- 
pends upon  the  reverse  bias  applied  to  the 
diode,  and  at  120  volts,  the  maximum  used 
in  the  experiments,  is  about  .3  to  .4  milli- 
meters. This  region  thus  contains  an  electric 
field  of  several  hundred  volts  per  centimeter. 
An  incident  charged  particle  creates  holes 
and  electrons  as  it  passes  into  or  through 
this  region,  in  a number  which  is  propor- 
tional to  the  energy  that  the  particle  loses 
in  its  passage.  These  electrical  carriers  are 
swept  across  the  space  charge  region  by  the 
electric  field  and  constitute  a current  in 
the  output  circuit.  The  integral  of  this  cur- 
rent, the  total  charge  in  a pulse  produced 
by  a single  particle,  is  then  proportional  to 
the  energy  lost  in  the  space  charge  region 
by  the  incident  particle.  By  pulse  height 
analysis  of  the  charge  pulses  it  is  possible 
to  distinguish  particles  of  different  energy. 
Because  the  penetration  properties  of  elec- 
trons and  protons  are  very  different  at  the 
same  energy  it  is  possible  to  distinguish 
these  from  one  another  in  many  cases. 

The  silicon  diodes  are  capable  of  counting 
at  high  rates,  the  collection  time  for  holes 
and  electrons  being  the  order  of  0.1  p.  sec. 
The  speed  of  the  diodes  combined  with  their 
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small  size  makes  it  possible  to  carry  out  ex- 
periments on  relatively  low  energy  par- 
ticles with  their  very  high  fluxes  in  the  Van 
Allen  belt. 


The  Proton  Detector  (E),  Protons  > 2.5  Alev 

Figure  6-3  shows  a cross  section  of  the 
proton  detector  mount  containing  one  of  the 
encapsulated  devices  described  above.  Par- 
ticles reach  the  device  through  an  entrance 
cone  of  25  degrees  half  angle  and  through 
an  aperture  2 millimeters  in  diameter, 
matching  the  entrance  aperture  of  the  de- 
tector encapsulation.  The  geometrical  factor 
of  the  detector  is  1.9xl0~2  cm2  steradians. 
Outside  the  acceptance  cone  the  shielding  of 
the  detector  is  sufficiently  heavy  to  exclude 
protons  of  <80  Mev  and  electrons  of  <10 
Mev.  There  is  a magnet  surrounding  the 
entrance  cone  which  partially  excludes  elec- 
trons with  energies  of  300  kev  and  excludes 
lower  energy  electrons  with  increasing  ef- 
ficiency. At  the  time  the  detector  was  de- 
signed it  was  thought  there  might  be  a suf- 
ficiently high  flux  of  such  particles  in  space 
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Figure  6-3. — Cross-section  of  the  E detector  mount. 


that  pileup  of  small  pulses  might  be  con- 
fused with  protons.  Although  the  electron 
flux  is  very  high  in  the  peak  of  the  inner  Van 
Allen  belt,  particularly  since  the  high  alti- 
tude explosion  of  July  1962,  there  is  no  direct 
evidence  for  an  immense  flux  of  electrons 
of  about  100  kev  energy. 

The  output  pulse  response  of  the  proton 
detector  to  protons  of  different  energies  is 
shown  in  Figure  6-4.  The  pulse  size  is  the 


Figure  6-4. — Pulse  response  of  detector  E for 
protons  at  three  bias  levels. 


charge  collected  in  a single  pulse  indicated 
on  an  energy  scale  corresponding  to  3.6  ev 
for  a hole-electron  pair.  Line  A of  the  figure 
is  a limiting  line  for  which  the  output  pulse 
is  just  equal  to  the  total  proton  energy. 
Curves  B,  C,  and  D have  been  obtained  from 
measurements  of  the  detector  under  three 
different  conditions  of  bias  using  protons  of 
up  to  17  Mev  from  the  Princeton  cyclotron. 
Such  measurements  permit  determination  of 
the  active  thickness  of  the  device  as  shown 
on  the  curves.  The  active  thickness  is  ac- 
tually a little  greater  than  the  space  charge 
thickness  because  electrons  created  just  be- 
yond the  space  charge  region  can  diffuse  to 
the  region  and  be  swept  up  by  the  field.  For 
this  reason  the  active  thickness  does  not 
quite  increase  as  the  square  root  of  the  bias. 
From  a knowledge  of  this  thickness  the  re- 
sponse can  be  computed  at  higher  energies 
than  those  for  which  it  has  been  measured 
and  at  energies  lower  than  3 Mev  where  the 
energy  of  the  cyclotron  protons,  degraded 
by  absorbers,  is  poorly  known. 
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The  response  at  a single  bias  such  as  curve 
D is  double  valued  in  proton  energy  because 
higher  energy  particles  pass  through  the 
active  thickness  of  the  detector  and  leave  less 
energy  than  lower  energy  particles  whose 
range  is  nearly  equal  to  this  thickness. 
Using  differential  pulse  height  analysis  be- 
tween the  levels  indicated  by  dashed  lines 
in  Figure  6-4,  observed  pulses  might  be  pro- 
duced by  protons  in  either  a low  or  a high 
range  of  energies.  By  changing  the  detector 
bias,  however,  the  double  valued  energy  bands 
shift  and  the  ambiguity  can  be  removed. 
These  bands  are  illustrated  in  Figure  6-5. 


Figure  6-5. — Energy  bands  of  detector  E response 
at  three  biases. 


With  three  detector  biases  and  three  dis- 
criminator levels  a total  of  nine  observations 
can  be  made.  Curves  B,  C and  D of  Figure 
6-4  at  energies  below  their  peaks  differ  from 
Curve  A because  of  the  6.5  mg/cm2  Kovar 
absorber  and  the  1 mg/cm2  phosphorous- 
rich  n-layer  at  the  front  of  the  detector.  In 
addition  there  is  a small  loss  in  charge  due 
to  the  finite  rise  time  of  the  detector  pulses 
and  the  pulse  shaping  of  the  amplifier  and 
there  are  small  losses  due  to  incomplete  col- 
lection of  the  hole-electron  pairs  produced 
by  protons  because  of  trapping  of  the  mobile 
carriers  in  transit  across  the  space  charge 
region. 

The  lowest  discriminator  level  of  the  de- 
tector is  set  at  1.8  Mev.  The  probability  that 
an  electron  of  this  or  higher  energy  will  give 
a 1.8  Mev  pulse  is  less  than  one  in  103  be- 


cause of  the  long  range  of  such  energetic 
electrons  compared  with  the  .41  millimeter 
space  charge  thickness  of  the  detector  even 
at  110  volts  bias.  Electrons  of  about  .5  Mev, 
however,  are  stopped  with  relatively  high 
probability  so  that  electron  pulses  at  mul- 
tiplicities of  four  or  more  cannot  be  ignored. 

The  Electron  Detector  (F),  Electrons  > I Mev 

Figure  6-6  shows  a cross  section  of  the 
electron  detector  mount.  Electrons  are  ad- 
mitted through  a cone  of  10°  half  angle  with 
an  aperture  2 millimeters  in  diameter  at  its 
apex.  The  effective  geometrical  factor  of  the 


DETECTOR 


detector  is  1.  5xl0“3  cm2  steradians.  Outside 
of  the  acceptance  cone  protons  of  <60  Mev 
and  electrons  <6  Mev  are  effectively  ex- 
cluded. Near  the  cone  apex  is  an  absorber 
of  425  mg/cm2  aluminum.  This  absorber  was 
added  to  the  original  experiment  after  Injun 
I,  Telstar  I,  and  Explorer  XV  had  measured 
very  high  densities  of  high  energy  electrons 
following  the  nuclear  explosions  of  the  sum- 
mer and  fall  of  1962.  Many  fewer  particles 
and  a much  less  energetic  spectrum  had  been 
expected  before  that  time.  The  absorber 
pushes  the  energy  response  of  the  detector 
upward  and  allows  direct  observation  to  be 
made  of  electrons  having  much  more  dam- 
aging consequences  for  satellite  components. 
Because  of  the  nature  of  the  energy  loss 
processes  of  electrons  in  solids,  however,  the 
absorbers  broaden  an  initial  spectrum  and 
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as  a result  pulse  height  analysis  of  the  de- 
tector output  does  not  permit  sharp  defini- 
tion of  the  incident  energy.  This  is  apparent 
in  Figure  6-7  which  shows  the  efficiency  for 


Figure  6-7. — Efficiency  of  detector  P for  electrons. 


electron  counting  into  four  pulse  height 
channels  in  response  to  monoenergetic  elec- 
trons up  to  2.7  Mev.  Pulse  height  channels 
1 to  4 correspond  respectively  to  .2  to  .35, 
.35  to  .55,  .55  to  .75  and  .75  to  1.0  Mev  pulses 
in  the  detector.  At  the  highest  energy  in 
the  figure  most  of  the  electrons  penetrate  the 
absorber  and  the  difference  in  counting  effi- 
ciency is  due  primarily  to  the  relative  proba- 
bility with  which  a high  energy  electron 
deposits  a small  or  major  part  of  its  energy 
in  the  space  charge  region  of  the  detector. 

The  Detector  Circuitry 

The  Block  Diagram 

A block  diagram  of  the  detectors  and  their 
associated  circuits  is  shown  in  Figure  6-8. 


FIGURE  6-8. — Block  diagram  of  Relay  experiments 
E and  P. 


Each  of  the  detectors  delivers  pulses  to  a 
low  noise  charge  sensitive  preamplifier  which 
gives  an  output  voltage  proportional  to  the 
charge  produced  by  a particle  in  the  active 
thickness  of  the  detector.  A linear  amplifier 
follows  the  preamplifier.  In  the  electron 
experiment,  designated  F in  the  complement 
of  Relay  radiation  experiments,  a second 
amplifier  provides  extra  gain  for  the  most 
sensitive  electron  channels.  An  array  of 
discriminators  is  supplied  from  each  linear 
amplifier.  These  in  turn  control  logic  units 
whose  function  it  is  to  determine  the  highest 
discriminator  that  has  fired  in  response  to 
a single  input  pulse.  In  the  electron  experi- 
ment five  discriminators  determine  the  edges 
of  four  differential  pulse  height  channels.  A 
high  degree  of  selectivity  is  provided  against 
protons  in  this  way  since  protons  can  give 
much  larger  pulses  than  electrons  and  only 
a very  narrow  range  of  proton  energies  can 
give  the  small  pulses  that  the  discriminator- 
logic  chain  of  experiment  F will  accept.  In 
the  proton  experiment,  experiment  E,  three 
discriminators  determine  the  edges  of  two 
differential  channels  and  one  integral  chan- 
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nel.  The  outputs  of  the  four  electron  chan- 
nels and  the  three  proton  channels  are  fed 
to  the  State  University  of  Iowa/University 
of  California,  SUI/UCAL,  commutator  box 
where  they  are  multiplexed  into  storage  reg- 
isters in  the  telemetry. 

The  remainder  of  the  block  diagram  indi- 
cates the  detector  bias  supplies  and  the  var- 
ious switching  and  monitoring  lines.  The 
proton  detector  bias  supply  provides  120,  20, 
and  5 volts  to  the  detector  in  sequence.  The 
electron  detector  is  fixed  at  a single  bias  of 
125  volts.  The  proton  detector  supply  is 
monitored  by  the  telemetry. 

Linear  Signal  Shaping 

To  eliminate  changes  in  the  effective  dis- 
criminator level  from  base  line  shifts  due 
to  changes  in  pulse  repetition  rate,  the  pulses 
are  double  RC  differentiated.  The  signal  as 
it  appears  at  the  linear  amplifier  output  is 
shown  in  Figure  6-9.  The  peak  of  the  pulse 


Figure  6-9.- — Linear  amplifier  output  pulse  shape. 

is  reached  approximately  0.5  p see  after  its 
start,  the  10  to  90  percent  rise  time  being  0.2 
ix  sec.  The  crossover  time  is  1.2  p sec  and 
the  over-all  recovery  of  the  double  clipped 
pulse  is  approximately  6 p sec. 

Discriminators 

The  discriminator  circuit  is  based  on  an 
emitter-coupled  monostable  multivibrator  to 
take  advantage  of  the  inherent  compensation 
of  base-emitter  voltage  change  with  tem- 
perature. All  but  one  other  voltage  drop  that 


would  affect  threshold  sensitivity  are  elimi- 
nated. That  one  adjusts  the  discriminator 
threshold  and  is  derived  from  a zero  tem- 
perature coefficient  reference  element.  The 
measured  discriminator  threshold  is  stable 
within  ± 1 percent  over  the  range  from 
-50°  to  +50°C. 

The  Logic  Units 

As  indicated  in  the  previous  section,  logic 
units  make  the  decision  as  to  which  is  the 
highest  of  several  discriminators  that  have 
fired  from  a single  input  pulse.  A typical 
arrangement  is  shown  schematically  in  Fig- 
ure 6-10.  Each  discriminator’s  output  is 
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Figure  6-10. — Diagram  of  the  operation  of  the 
logic  units. 


trying  to  turn  a logic  unit  on  while  at  the 
same  time  keeping  the  one  below  it  from 
turning  on.  This  is  accomplished  by  making 
use  of  opposing  input  windings  on  the  logic 
transformer.  Two  additional  windings  on 
this  transformer  (not  shown  in  Figure  6-10) 
are  a part  of  a modified  blocking  oscillator 
that  produces  the  output  pulse.  The  total 
time  from  input  pulse  to  complete  recovery 
of  the  blocking  oscillator  is  about  10  p sec. 
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Packaging 

The  detectors  and  their  associated  cir- 
cuitry shown  in  block  diagram  in  Figure 
6-8  are  packaged  together  in  a single  box. 
The  circuit  blocks  are  constructed  in  a con- 
ventional manner  on  circuit  boards  with 
swaged  feed-through  terminals  providing 
component  and  wiring  tie  points  on  both 
sides  of  the  boards.  In  the  final  assembly,  cir- 
cuit boards  are  stacked  as  close  together  as 
components  will  permit,  with  strips  inter- 
locking their  corners  to  form  a rigid  “egg 
crate”  type  of  structure.  The  detectors  are 
rigidly  mounted  in  the  front  of  the  box,  be- 
hind holes  in  the  front  face.  The  proton 
and  electron  experiments  occupy  separate 
compartments  within  the  box  for  electrical 
isolation.  As  a final  operation,  the  box  is 
filled  with  polyurethane  foam  for  vibration 
damping.  The  whole  box  assembly  is  mount- 
ed to  the  spacecraft  frame  with  the  detector 


axes  perpendicular  to  the  spin  axis  of  the 
satellite.  The  detectors  look  out  through  a 
clearance  hole  in  one  of  the  honeycomb  panels 
comprising  the  satellite  skin. 

The  Sequence  of  Measurements 

There  are  seven  storage  registers  in  the 
telemetry  into  which  various  outputs  of  the 
BTL  and  SUI/UCAL  experiments  are  fed 
on  a time-sharing  basis.  The  multiplexing 
is  carried  out  in  the  SUI/UCAL  commutator 
box,  Figure  6-11.  In  a scheme  proposed  by 
Mcllwain,  rather  than  feeding  pulses  from 
a detector  to  a register  continually  for  sev- 
eral seconds  while  the  satellite  spins,  the 
detector  pulses  are  interrupted  by  a gate  con- 
trolled by  a magnetometer.  Pulses  are  stored 
only  while  the  axis  of  the  detector  is  point- 
ing within  approximately  ±10°  of  the  normal 
to  the  local  magnetic  field.  The  angular 
spread  is  measured  in  the  plane  of  rotation 


CLOSED  WHEN  FIELD  GOES  THROUGH  ZERO 
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Figure  6-11. — Commutation  of  the  Relay  radiation  experiments  by  D.  Enemark,  SUI. 
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of  the  detectors,  Figure  6-12.  In  this  way 
an  approximate  measurement  of  directional 
intensity  of  the  particle  flux  normal  to  the 
magnetic  field  line  is  obtained.  This  meas- 
urement depends  slightly  on  the  angle  y be- 
tween the  spin  axis  of  the  satellite  and  the 


CO 


Figure  6-12. — Angular  orientation  of  a gated  de- 
tector. Measurements  are  made  during  rotation 
through  ± A. 


magnetic  field  direction  because  of  differences 
in  the  relative  particle  directions  that  are 
seen  in  a ± 10°  interval  measured  in  the  ro- 
tational plane  of  the  satellite. 

The  time  sequence  of  the  Bell  Labora- 
tories measurements  is  as  follows.  During 
12  seconds  of  a 48-seeond  period,  each  of 
the  four  electron  channels  occupies  a single 
telemetry  register,  accumulating  pulses  in 
that  register  for  an  elapsed  time  of  10  sec- 
onds with  approximately  a 10  percent  duty 
cycle  provided  by  the  magnetometer  gating. 
The  register  is  read  each  second  and  finally 
with  no  pulses  flowing  into  the  register  it  is 
read  twice  redundantly  at  one  second  inter- 
vals for  the  final  count.  During  this  same 


twelve  second  time,  one  of  the  four  electron 
channels  (F3)  feeds  into  a fifth  register 
during  the  90  percent  of  the  time  when 
the  magnetometer  gate  is  blocking  the  flow 
of  pulses  to  the  first  four.  The  same  final 
redundant  readout  is  provided  in  this  case. 
The  three  proton  channels  at  one  detector 
bias  occupy  a single  register  for  three  suc- 
cessive 12  second  intervals  in  the  48  second 
period.  Each  48  seconds  the  bias  is  changed 
during  the  remaining  12  second  interval,  so 
that  a complete  sequence  of  proton  measure- 
ments occurs  every  144  seconds.  The  mag- 
netometer gating  and  register  readout  are 
the  same  as  for  the  electron  channels. 

DATA  PROCESSING 
The  Coordinate  System 

The  energetic  particles  that  make  up  the 
Van  Allen  belts  are  trapped  in  the  magnetic 
field  of  the  earth  and  have  trajectories 
which  are  controlled  by  the  distorted  dipole 
shape  of  that  field.  It  is  essential  to  organize 
the  information  concerning  the  trapped  par- 
ticles in  a coordinate  system  that  takes  ac- 
count of  the  properties  of  the  field  which 
are  constants  of  the  motions  of  the  particles. 
Such  a system,  devised  by  Mcllwain  and  now 
quite  generally  adopted,  is  illustrated  in  Fig- 
ure 6-13.  A charged  particle  can  be  identified 
in  terms  of  the  magnetic  field  line  L around 
which  it  spirals  and  the  magnetic  field  in- 
tensity B at  which  the  pitch  of  the  spiral 
reaches  90  degrees  and  the  particle  mirrors 
(labeled  in  Figure  6-13  as  BM),  Mcllwain 
has  essentially  mapped  the  irregular  mag- 
netic field  of  the  earth  onto  a dipole  magnetic 
field  which  has  the  same  first  moment.  In 
this  representation  a field  line  is  labeled  by 
L when  it  crosses  the  magnetic  equator  at  a 
distance  L from  the  center  of  the  dipole.  In 
the  dipole  field  it  is  often  convenient  to  utilize 
another  pair  of  coordinates  R and  A which 
are  dipole  radial  distance  and  dipole  latitude, 
simply  related  to  B and  L.  In  this  B,  L,  —R,  A 
space  the  earth  is  not  a sphere  and  the  at- 
mosphere does  not  have  a uniform  density  at 
a fixed  R,  a complication  which  has  to  be  dealt 
with  in  considering  atmospheric  loss  of  parti- 
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Figure  6-13. — The  B,  L-R,  X coordinate  system. 


eles,  for  example.  However,  in  the  B,  L — R,  x 
space  the  motion  of  the  energetic  charged 
particles  is  directly  described,  and  measure- 
ments made  at  different  places  in  the  geo- 
graphic space  about  the  earth  can  be  properly 
associated.  The  symmetry  of  the  dipole  field 
allows  the  entire  three-dimensional  space 
to  be  collapsed  into  half  a meridian  plane, 
the  coordinate  of  longitude  having  disap- 
peared and  north  and  south  latitudes  being 
identical.  In  the  analysis  of  the  Relay  data 
this  coordinate  system  has  been  used  in  a 
variety  of  different  ways. 

Orbit  Plots 

The  region  in  which  the  satellite  has  ac- 
quired data  on  a particular  pass  or  day  is 
conveniently  represented  in  a trace  in  B,  L 
space,  such  as  that  shown  in  Figure  6-14. 
In  this  log-log  plot  the  equator,  \ = 0 is  a 


Figure  6-14. — A B,  L plot  of  the  points  at  which  data  were  received  on  December  14,  1962. 
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straight  line  and  all  other  dipole  latitudes 
are  straight  lines  parallel  to  it.  Lines  of 
constant  dipole  radial  distance  all  have  the 
same  shape  and  join  the  equator  by  defini- 
tion at  R — L.  The  points  in  the  figure  are 
points  at  which  data  was  acquired  on  De- 
cember 14,  1962  immediately  following  the 
launch  of  Relay  I.  The  arrow  indicates  the 
direction  of  satellite  motion  and  the  point 
spacing,  except  where  there  are  obvious 
breaks  in  the  line,  are  at  48  second  intervals, 
corresponding  to  the  time  base  on  which  the 
multiplexing  of  the  data  takes  place.  A cross- 
ing of  the  magnetic  equator  is  a point  at  which 
the  orbit  touches  the  A = 0 line  in  this  col- 
lapsed coordinate  space.  The  region  to  the 
left  of  A — 0 is  forbidden.  The  point  spacing 
becomes  very  small  as  the  satellite  ap- 
proaches apogee  since  most  of  its  velocity 


is  in  geographic  longitude,  a coordinate 
degenerate  to  first  order  in  the  B,  L space. 
As  indicated  in  Figure  6-14,  there  were 
data  during  the  first  complete  orbit  and 
approximately  half  of  the  second  orbit.  The 
irregularity  of  the  magnetic  field  shows 
up  directly  in  the  difference  between  these 
two  orbits  which  geographically  differ  by 
approximately  a 45  degree  rotation  of  the 
earth  under  the  satellite.  The  lines  at  A = 60 
degrees  and  R '.=  1.13  and  2.3  earth  radii 
represent  approximate  extremes  of  the  Relay 
orbit  in  the  B,  L space.  During  the  period 
of  precession  of  the  latitude  of  apogee  this 
space  is  essentially  completely  covered  by 
the  satellite.  Figure  6-15  and  6-16  show 
quite  different  orbital  traces  for  which  data 
were  obtained  on  January  27  and  April  22. 
Apogee  has  precessed  from  —2  degrees  on 


Figure  6-15. — A B,  L plot  of  the  points  at  which  data  were  received  on  January  27, 1963. 
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Figure  6-16. — A B,  L plot  of  the  points  at  which  data  were  received  on  April  22,  1963. 


December  14  to  +35  degrees  on  January 
27  and  to  +19  degrees  on  April  22.  Only 
5 percent  of  the  data  which  have  been  taken 
from  December  1962  through  August  1963 
exists  at  values  of  L <1.9.  The  high  energy 
electrons  of  the  inner  belt  are  strongly  con- 
centrated at  L values  between  1.2  and  1.7, 
so  that  a rather  sketchy  coverage  of  the  inner 
belt  has  been  made. 

4>,  L Plots 

In  association  with  the  B,  L plots  of  the 
previous  section,  it  has  been  extremely  con- 
venient to  produce  plots  of  the  flux  (</>)  in 
each  of  the  detector  output  channels  as  a 
function  of  L.  Figure  6-17  shows  such  a 
plot  for  the  second  orbit  on  December  14 
(Figure  6-14)  as  the  satellite  moves  toward 
A = 0 at  L ^ 2.2.  The  data  are  for  the  three 
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Figure  6-17. — <£,  L plot  of  detector  E on  December 
14,  1962. 
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proton  detector  channels  (experiment  E)  at 
different  detector  biases.  This  figure  will  be 
discussed  in  more  detail.  The  data  reduction 
program  which  processes  the  data  from  the 
original  data  tape  supplied  by  Goddard  Space 
Flight  Center  provides  checks  on  the  con- 
sistency of  the  data  during  the  consecutive 
readouts  over  the  10  second  accumulation 
period  and  during  the  final  pair  of  redundant 
readings  of  the  accumulated  total.  In  the 
process,  it  examines  the  possibility  of  over- 
flow of  the  storage  registers  and  makes 
appropriate  corrections  if  necessary.  The 
program  also  checks  on  the  consistency  of 
the  time  sequence  of  bias  switching  in  the 
E detector  and  on  the  absolute  bias  level  at 
each  point. 

Visual  inspection  of  the  results  of  the 
data  reduction  displayed  in  computer  plots 
such  as  Figure  6-17  allows  rapid  evaluation 
of  the  quality  of  the  result.  These  plots  also 
provide  a direct  means  for  interpolating  to 
obtain  counting  rates  at  specific  values  of  L, 
or  L coordinates  for  specific  counting  rates. 
At  times  when  the  satellite  is  moving  through 
L rapidly,  as  in  places  where  the  points  are 
far  apart  in  Figure  6-14,  interpolation  is 
more  difficult  than  in  Figure  6-17  where  the 
points  are  closely  spaced. 

In  the  region  between  L = 3.5  and  L = 2 
covered  in  Figure  6-17  the  electron  flux  is 
very  low.  This  is  the  region  of  the  “slot” 
between  the  inner  and  outer  electron  belts. 
Several  passes  during  July  1963  produced 
particularly  nice  illustrations  of  the  divided 
electron  belts.  One  of  these  is  shown  in 
Figure  6-18  for  a pass  on  July  3.  The  data 
are  for  channels  Fj  and  F4  for  the  inbound 
pass  shown  in  the  B,  L orbit  trace  in  Figure 
6-19. 

<f>,  B Plots 

Because  the  data  is  sparse  in  many  parts 
of  B,  L space,  another  procedure  has  been 
adopted  to  utilize  all  the  data  that  exists  in 
devising  flux  distributions.  This  involves 
collecting  all  the  data  in  a particular  small 
range  of  L over  a period  of  as  much  as  a 
month  or  even  lodger  and  carrying  out  a 
least-square  fit  to  determine  the  time  depend- 


Figure  6-18. — <£,  L plot  of  detector  F on  July  3,  1963. 


Figure  6-19.— B,  L plot  of  data  points,  July  3,  1963. 


ence  and  the  B and  L dependence  of  that 
data.  The  time  and  L dependence  can  then 
be  removed  and  the  data  displayed  as  flux 
vs.  B for  a particular  value  of  L,  usually  one 
of  the  limiting  edges  of  the  originally  chosen 
L range.  A typical  result  of  this  kind  is 
shown  in  Figure  6-20  for  electrons  of  chan- 
nel F4  for  the  L range  between  1.5  and  1.6 
for  the  month  of  July.  The  left-hand  part 
of  the  figure  shows  the  data  as  collected  be- 
fore carrying  out  the  functional  fit.  The 
right-hand  part  of  the  figure  shows  the  same 
data  but  now  with  all  points  functionally 
transferred  to  L—  1.6  at  the  beginning  of 
the  month.  The  principal  reason  for  the 
scatter  in  the  original  display  is  the  strong 
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Figure  6-20. — <f>,  B plot  with  functional 
interpolation. 


L dependence  of  the  electron  flux  in  this  re- 
gion of  space.  All  of  the  points  result  from 
just  five  passes  through  part  or  all  of  the  L 
range  during  July.  The  corrected  points 
show  no  flux  maximum  except  close  to  the 
equator  which  at  L — 1.6  occurs  at  B = .076 
gauss.  The  flux  variation  with  B is  well 
represented  in  this  case  by  a simple  power 
law;  a straight  line  on  this  plot  with  slope 
of  —3.5.  This  procedure  for  producing  <f>, 
B plots  is  a reliable  one  for  small  ranges  of 
L.  However,  the  variation  of  the  <f>,  B slope 
with  L is  itself  often  substantial,  and  func- 
tionally fitting  a wide  L range  must  be  done 
with  care. 

The  Measured,  Directional,  and 
Omnidirectional  Flux 

As  described  previously,  the  counting 
rates  that  are  measured  are  approximately 
those  due  to  particles  with  velocities  per- 
pendicular to  the  local  magnetic  field,  and 
thus  particles  that  are  mirroring  at  the  B 
of  the  satellite.  This  is  only  approximately 
true  because  of  the  finite  acceptance  angle 
of  a particle  detector  and  because  of  the 
finite  angle  through  which  the  detector  ro- 
tates during  the  time  of  measurement.  The 
maximum  in  <f>  vs.  B usually  occurs  at  the 


equator,  as  for  example  in  Figure  6-19,  and 
only  occurs  off  the  equator  for  a short  time 
after  some  anomalous  injection  of  new  par- 
ticles such  as  those  added  by  a high  altitude 
nuclear  explosion.  The  normal  condition  leads 
to  an  angular  distribution  of  particles  at  any 
B which  is  peaked  at  a particle  pitch  angle 
a — tt/2.  That  is,  the  maximum  particle  flux 
is  perpendicular  to  the  field  line  at  all  points 
along  the  field  line.  In  this  case  the  finite 
detector  aperture  and  the  finite  rotation 
during  measurement  always  produce  a meas- 
ured flux  less  than  the  flux  perpendicular  to 
the  field  line.  The  more  sharply  peaked  the 
angular  distribution  of  the  particles  is 
around  a = ir/2,  the  larger  is  the  reduction 
in  measured  flux,  <£„„  compared  with  the 
flux  at  a = ir/2,  cf>(ir/2)  = 

The  relationship  between  cf>m  and  </>^  has 
been  computed  for  the  two  detectors  of  the 
BTL  experiment  and  is  shown  in  Figure 
6-21.  The  angular  distribution  of  the  par- 
ticles has  been  assumed  to  be  sinna  where  n 
takes  values  between  1 and  64.  The  abscissa 
in  the  figure  is  gamma,  the  angle  between  the 
spin  axis  of  the  satellite  and  the  local  mag- 
netic field  (Figure  6-12).  As  expected,  for 
large  values  of  n,  , decreases,  and  most 
severely  for  the  larger  detector  aperture. 
The  gamma  dependence  is  quite  small  for 
= 25°  (because  the  rotation  during 


Figure  6-21. — The  ratio  <£»,/<£ _l  for  the  two 
detector  angles. 


416 


RELAY  I— PART  II 


measurement  is  small  compared  to  the  de- 
tector angle)  and  only  amounts  to  20  per- 
cent between  y — tt/2  and  y — 0 for  n — 64, 
a very  sharply  peaked  distribution. 

The  omnidirectional  flux  at  a given  B is 
related  to  </>_,_  by  the  integral 

4>om„t  (B)  = 2 *B  (*”’■  — Bt  3*  B 

)B  B\yjl-B/B,  (61) 

where  the  upper  limit  is  the  maximum  field 
at  which  <j>  has  a nonzero  value.  If  <j>  L is  a 
power  law  in  B0/B,  where  B0  is  the  equa- 
torial value  of  B. 

then 


•^omni  (B) — 2 (B) 


f 

B/Bn 


]Tdy 

V 1—2/ 


where  the  substitution  y = B/Bi  has  been 
made.  As  long  as  B/Bmax  is  small,  the  omni- 
directional flux  will  have  the  same  B de- 
pendence as  4>j_.  Assuming  that  the  lower 
limit  is  zero,  the  integral  is  dependent  on  n, 
but  independent  of  B.  The  assumption  only 


appreciably  affects  <f>omal  at  low  values  of 
flux.  Combining  this  integral  with  the  cor- 
rection factors  of  Figure  6-21  which  gives 
the  <j>  K flux  from  <j>m,  the  measured  flux,  one 
can  deduce  the  omnidirectional  flux  in  terms 
of  The  calculated  relationship  is  shown 
in  Figure  6-22  for  the  two  detector  angles, 
for  the  extremes  in  gamma,  and  as  a func- 
tion of  n,  where  <f>j_(B)  1/Bn/2  correspond- 

ing to  the  local  directional  flux  B)  ~ 
sin"  a.  In  a uniform  angular  distribution  of 
particles  n = 0 and  the  ordinate  of  the  figure 
equals  1,  the  measured  directional  flux  being 
just  1/4  v as  large  as  the  omnidirectional 
flux.  For  values  of  n from  approximately 
3 to  10  the  measured  flux  needs  to  be  mul- 
tiplied by  approximately  2 w to  obtain  4>omai. 
These  corrections,  or  similar  corrections  de- 
vised from  the  integrals  without  the  sin”  a 
assumption,  can  in  principle  be  applied 
directly  by  the  computer  to  the  measured 
results  to  obtain  an  omnidirectional  flux  or 
to  compute  ^ . This  step  can  be  done  rig- 
orously if  the  measured  flux  is  known  over 
a sufficiently  wide  range  of  B.  It  can  be  done 
approximately  if  more  limited  measurements 
exist.  The  computer  program  for  this  trans- 
formation is  not  yet  complete. 


Figure  6-22. — The  ratio  .1/4^*  for  the  two  detectors. 
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Protons 

A number  of  observations  concerning  the 
proton  spectrum  can  be  made  by  inspection 
of  curves  such  as  those  of  Figure  6-17  in 
conjunction  with  the  energy  bands  of  de- 
tector response  in  Figure  6-5.  First,  there 
is  very  little  difference  between  Ei  at  5,  20, 
and  120  volts  bias,  particularly  at  L values 
below  1.5.  The  same  is  true  of  E2  between 
20  and  120  volts.  Since  the  higher  energy 
segment  of  the  Ei  response  (Figure  6-5)  is 
very  strongly  modified  by  bias,  one  concludes 
that  protons  below  4 Mev  are  dominating  the 
the  Ei  counting  rate,  and  protons  below  5 Mev 
are  dominating  the  E2  counting  rate.  Second, 
Ei  exceeds  E2  and  E2  exceeds  E3.  This  again 
argues  for  a spectrum  heavily  weighted  at 
low  energies  because  the  size  of  the  energy 
interval  of  measurement  in  E3  at  120  volts 
exceeds  the  low  energy  interval  in  E2  and 
Ei.  Third,  at  the  large  values  of  L,  E2  and 
E3  decrease  more  rapidly  than  Ej.  Thus  the 
spectrum  is  getting  progressively  richer  in 
low  energy  protons.  In  spite  of  the  fact  that 
the  low  energy  portion  of  the  Ex  response  is 
dominating,  there  is  an  increase  in  the  Ei 
counting  rate  with  increasing  bias  in  the 
region  between  L = 2.7  and  3.5.  This  can 
only  be  due  to  an  increase  in  the  efficiency 
of  collection  of  hole-electron  pairs  produced 
by  low  energy  protons  in  the  increased  elec- 
tric field  of  the  junction  at  higher  biases. 
This  emphasizes  the  importance  of  the  lowest 
energy  end  of  the  sensitive  energy  region 
because  of  the  increasing  dominance  of  very 
low  energy  protons  at  larger  L values.  This 
effect  is  indicated  in  a slightly  smaller  low 
energy  edge  to  Ei  at  20  and  120  than  at  5 
volts  bias.  A similar  effect  to  a lesser  extent 
is  apparent  in  E2  at  20  and  120  volts. 

Flux  maps  of  protons  have  been  con- 
structed by  interpolation  in  the  <f>,  L plots 
for  December  and  January  as  discussed  in 
another  section.  Two  of  these  plots  of  <f>m 
for  Ei  and  E3  are  shown  in  Figures  6-23 
and  6-24.  In  all  cases  in  these  contours  the 
particle  flux  decreases  with  increasing  B 


along  any  L line,  consistent  with  the  assump- 
tions as  described  in  the  previous  section. 
These  plots  can  thus  be  corrected  to  using 
the  results  of  Figure  6-21,  with  corrections 
which  are  at  most  20  percent.  There  are  no 
data  points  plotted  for  Ei  below  L = 1.4 
because  electron  pile-up  dominates  the  pro- 
tons in  this  region.  This  is  clearly  evident 
as  a very  rapid  rise  in  the  Ex  counting  rate 
as  the  maximum  of  the  inner  belt  electron 
distribution  is  approached.  A similar  effect 
does  not  occur  for  E3.  The  contours  con- 
sequently are  much  better  determined  at 
their  low  altitude  equatorial  crossing  for  Ei 
than  for  Elt 

The  maximum  in  intensity  of  the  two 
proton  groups  occurs  at  different  equatorial 
L values,  the  highest  energy  group  (5  to  8.6 
Mev)  at  about  L ==  1.95  and  the  lower  (2.5 
to  3.8  Mev)  at  about  2.07.  This  agrees  with 
the  general  trend  of  the  proton  maximum 
for  much  lower  and  much  higher  energy  par- 
ticles. At  L values  >2.1  the  low  energy  par- 
ticles always  dominate.  At  lower  L values 
the  opposite  is  true. 

The  data  for  Ei  starting  in  February  and 
March  show  very  significant  changes  from 
December.  There  is  a drop  in  the  Ei  5 volt 
counting  rate  which  in  April  is  as  much  as 
a factor  of  6 in  the  region  around  L = 2.2. 
The  drop  in  Ex  120  volts  is  only  about  a 
factor  of  2 in  the  same  time.  The  detector 
is  suffering  from  radiation  damage  produced 
by  low  energy  protons.  The  very  large  num- 
ber of  particles  to  which  the  detector  was 
exposed  in  the  energy  range  of  Ei  and  the 
very  high  damage  rate  per  particle  at  these 
low  energies  makes  Ex  the  most  susceptible 
to  this  damage  effect.  Hole-electron  pairs 
are  produced  as  before  by  incident  particles. 
However,  many  of  these  mobile  carriers  are 
trapped  at  structural  damage  defects  as  they 
are  being  swept  across  the  space  charge  re- 
gion. Ultimately  they  complete  their  transit, 
but  at  a time  much  longer  than  the  pulse 
shaping  times  of  the  detector  circuits.  Effec- 
tively the  collected  charge  pulse  is  smaller 
and  does  not  meet  the  discriminator  require- 
ments of  channel  Ei.  The  smaller  effect  in 
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Figure  6-23  —B,  L flux  map  for  2.5-3.8  Mev  protons,  December  1962  to  January,  1963. 


Ej  120  volts  is  due  simply  to  the  higher  elec- 
tric field  which  sweeps  the  carriers  through 
the  region  of  severe  damage  more  rapidly 
and  thus  with  less  trapping  loss.  E3  shows 
very  little  change  over  the  seven  months 
from  December  through  July.  The  particles 
which  it  detects  penetrate  much  more  deeply 
into  the  de'tector  and  create  hole-electron 
pairs  out  of  the  region  of  severe  damage. 
Thus  the  collection  loss  suffered  is  much 
smaller. 

A calculation  is  in  progress  to  evaluate 
the  details  of  the  damage  effect  from  the 
particle  exposure  of  the  detector,  the  energy 
dependence  of  damage  in  silicon,  and  the 
electric  field  distribution  in  the  detector. 
Qualitatively  the  results  are  in  agreement 
with  this  simple  model  of  the  process.  It  is 
unfortunate  that  the  available  data  during 


December  and  January  is  too  little  to  permit 
more  detailed  observations  of;  the  lowest  en- 
ergy protons  before  the  detector  damage 
was  substantial.  It  is  planned  to  acquire 
data  from  Relay  II  concurrently  with  that 
for  Relay  I.  Hopefully,  this  will  permit  re- 
calibration of  the  Relay  I detectors  and  help 
provide  an  understanding  of  events  during 
the  intervening  months. 

Figure  6-25  is  a flux  map  made  by  inter- 
polation in  data  of  June  and  July  organized 
in  <f>,  L and  <i>,  B form.  This  map  differs 
appreciably  from  that  of  Figure  6-24  made 
from  December  and  January  data,  particu- 
larly at  higher  L values.  There  are  appar- 
ently more  particles  at  the  later  date.  The 
detector  is  an  obvious  possibility,  but  the 
sign  of  the  change  is  puzzling  for  it.  The 
effect  can  be  described  by  a downward  shift 
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Figure  6-24. — B,  L flux  map  5.0-8.6  Mev  protons,  December  1962  and  January  1963. 


of  the  third  discriminator  level  so  that  E8 
includes  lower  energy  protons.  Such  a down- 
ward shift  requires  an  effective  increase  of 
gain  in  the  system  which  is  certainly  un- 
expected. The  change  in  proton  flux  may  be 
real,  but  such  a conclusion  will  certainly  re- 
quire substantiation  by  other  observations. 

The  energy  spectrum  of  protons  varies  in 
a complex  way  with  L and  B and  is  still  un- 
der investigation.  Some  preliminary  results 
for  the  region  L ^2.2  are  shown  in  Figure 
6-26.  Choosing  differential  energy  spectra 
of  exponential  or  power  law  form,  the  rela- 
tive counting  rates  in  different  channels 
permit  a choice  of  the  e-folding  energy  or 
the  power  of  the  power  law.  Nature,  of 
course,  is  not  constrained  to  these  particular 
mathematical  forms,  but  they  provide  a use- 
ful scale  for  expressing  the  approximate  en- 


ergy distribution. 

Exponential  spectra  seem  to  be  more  con- 
sistent with  the  limited  data  which  have  been 
examined  than  power  law  spectra.  Figure 
6-26  indicates  the  e-folding  energy,  e0,  ob- 
tained for  different  ratios  among  detector 
channels  at  different  B and  L values.  The  e0 
values  from  one  detector  ratio  at  one  B and 
L value  are  determined  from  statistics.  That 
is,  at  each  point  the  observed  counting  rate 
ratio  is  modified  to  high  and  low  extremes 
on  the  basis  of  one  standard  deviation  in 
the  actually  observed  counts  in  the  two  chan- 
nels. In  general  the  determination  from  the 
various  ratios  are  reasonably  consistent  al- 
though they  do  not  always  overlap.  The  <•<-, 
values  clearly  increase  as  L decreases  (the 
spectrum  gets  harder)  and  increase  as  B 
increases  on  a given  L line.  A representa- 
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Figure  6-25. — B,  L flux  map  5. 0-8.6  Mev  protons,  June  and  July,  1963. 


tive  value  is  the  order  of  1 Mev.  The  in- 
crease with  L is  immediately  evident  in 
Figure  6-17.  The  increase  with  B is  evident 
in  examining  the  flux  maps  of  Figures  6-23 
and  6-24.  The  magnitude  of  e0  joins  quite 
well  with  the  values  obtained  by  Davis  for 
still  lower  energy  particles. 

Electrons 

Figure  6-27  is  a flux  map  for  electrons 
from  Channel  Ft.  The  contours  are  of  equal 
counting  rate,  Cm.  The  inner  belt  has  been 
constructed  combining  the  available  data 
from  December  through  July.  The  data  are 
quite  consistent  over  this  time.  If  there  have 
been  changes  in  the  region  L = 1.7  and  be- 
low, they  are  not  larger  than  30  percent. 
The  outer  belt  on  the  other  hand  is  highly 
variable  and  the  data  used  in  drawing  it  are 
from  the  middle  of  July.  Figure  6-28  shows 
the  time  variations  observed  from  December 
through  July  at  an  L of  approximately  4.5 
for  5 < .1  gauss.  The  variation  of  4>m  with 
B is  small  in  this  range  as  shown  in  Figure 
6-27,  and  no  attempt  has  been  made  to  cor- 
rect it.  The  maximum  intensity  from  the 
outer  belt  over  the  period  is  <3  X 104 
counts/cm2  sec  steradian.  As  is  evident  in 
Figure  6-28  there  have  been  many  rather 
long  periods  in  which  no  data  have  been  tak- 
en, so  that  larger  excursions  of  the  outer 
belt  could  have  occurred  and  been  unnoticed. 
The  “slot”  between  the  inner  and  outer  belts 
has  been  very  deep  (Figure  6-27).  The 


particles  introduced  into  it  in  July  and  Octo- 
ber 1962  had  largely  disappeared  by  the 
time  of  the  Relay  I launch. 

The  electron  spectrum  and  the  absolute 
electron  flux  are  closely  connected  through 
Figure  6-7.  From  observations  like  those 
of  Figure  6-18,  comparing  the  lowest  and 
highest  electron  channels  with  one  another 
in  both  the  inner  and  outer  belt,  it  is  clear 
that  there  is  no  dramatic  change  in  the 
spectrum  involving  electrons  of  1.0  to  1.5 
Mev.  It  is  in  this  energy  region  that  the 
detector  is  capable  of  distinguishing  differ- 
ent spectra.  If  a large  part  of  all  the  elec- 
trons above  1 Mev  are  below  1.5  Mev,  then 
the  ratio  of  the  counting  rates  of  Fj  and  F4 
will  be  very  large.  The  data  show  this  is  not 
the  case.  The  ratio  is  between  8 and  10, 
approximately  the  value  to  be  expected  in  a 
fission-like  electron  spectrum.  It  can  be  con- 
cluded that  in  the  1 to  1.5  Mev  energy  range 
the  spectrum  is  as  hard  as  a fission  spectrum. 

The  absolute  efficiency  for  channel  Fi  for 
a fission-like  spectrum  is  .032  for  all  elec- 
trons above  zero  energy.  Applying  this  factor 
to  the  counting  rate  of  the  maximum  contour 
in  Figure  6-27  (6  X 106  counts/cm2  sec  ster) 
the  flux  <j>m  is  found  to  be  1.8  X 108  elec- 
trons/cm2 sec  ster.  In  the  region  of  the 
maximum  contour  the  <j>,  B slope  is  approxi- 
mately —8.  Using  the  appropriate  factor 
read  from  Figure  6-22  (at  n- =16)  the  om- 
nidirectional flux  of  the  maximum  contour 
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Figure  6-26. — Proton  energy  spectra. 


is  determined  to  be  7.2  x 10s  electrons/cm2 
sec  in  quite  close  agreement  with  previously 
measured  values.  To  specify  a flux  above  1 
Mev  (rather  than  zero)  the  counting  rate 
of  Fj  is  to  be  multiplied  by  14. 

R,  X Flux  Maps 

Because  the  R,  X space  is  more  easily  vis- 
ualized, the  B,  L flux  maps  of  Figures  6-23, 
6-25,  and  6-27  have  been  transformed  into 
R,  X space  in  Figures  6-29,  6-30,  and  6-31. 
They  are  contours  of  directional  flux.  The 
omnidirectional  flux  can  be  derived  for  them 
to  a good  approximation  for  the  higher  con- 
tours by  applying  factors  of  6.5  for  the  pro- 


tons and  4 for  the  electrons.  The  electron 
map  is  now  shown  in  flux  rather  than  count- 
ing rate,  using  the  efficiency  discussed  in 
the  previous  section. 

IMPLICATIONS  FOR  RADIATION  DAMAGE 
TO  SOLAR  CELLS 
Damage  Equivalence 

It  has  been  convenient  to  measure  radia- 
tion damage  in  solar  cells  in  terms  of  an 
equivalent  flux.  This  flux  is  the  flux  of  1 
Mev  electrons  normally  incident  on  a given 
type  of  bare  solar  cell  which  will  produce 
in  that  type  of  cell  the  same  degree  of  dam- 
age as  some  other  particle  or  spectrum  of 
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Figure  6-27. — B,  L flux  map  for  electrons,  December  1962  through  July  1963.  The  contours 

are  of  equal  counting  rate. 
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Figure  6-28. — Flux  vs.  time  at  L — 4.5,  B < .1 
gauss,  December  1962  through  July  1963. 

particles  incident  in  some  specified  orienta- 
tion with  some  specified  shielding.  Figure 
6-32  illustrates  the  damage  equivalance  of 
different  monoenergetic  protons  arriving  in 
a uniform  omnidirectional  flux  on  a heavily 


back-shielded  n-on-p  solar  cell.  The  curves 
show  the  no-front-shield  case  and  various 
typical  shields.  It  is  apparent  that  the  dam- 
age effectiveness  at  low  energies  rises  steep- 
ly. Particles  below  5 Mev  can  be  removed 
by  relatively  thin  shielding,  but  for  un- 
shielded solar  cells  the  high  density  of  low 
energy  particles  in  space  provides  a severely 
damaging  environment. 

Low  Energy  Proton  Damage 

Figure  6-33  shows  the  integral  of  the 
2.5-3.6  Mev  proton  flux  encountered  by  Re- 
lay in  the  first  few  days  in  orbit.  The  first 
orbits  have  been  integrated  in  detail  and 
show  a step  structure  associated  with  pas- 
sage of  the  satellite  through  the  maximum 
of  the  low  energy  proton  distribution  on 
each  orbit.  These  steps  correspond  in  time 
with  the  rapid  changes  in  solar  cell  output 
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Figure  6-29. — R,  \ flux  map  for  2.S-3.8  Mev  protons,  December  1962  and  January  1963. 


observed  by  R.  C.  Waddel*  of  Goddard 
Space  Flight  Center  on  unshielded  devices. 
The  position  of  the  satellite  in  R-x  space 
during  the  first  orbits  is  shown  in  Figure 
6-34.  Comparing  this  figure  with  the  R-X 
flux  map  of  Figure  6-29,  the  grossly  varying 
flux  exposure  is  evident.  Beyond  the  first 
day  in  orbit  the  steps  on  a logarithmic  scale 
become  too  small  to  distinguish  and  the  daily 
accumulated  total  is  plotted. 

Figure  6-35  shows  the  exposure  per  day 
over  a much  longer  time.  As  apogee  precesses 
from  being  nearly  at  the  equator  at  launch 
to  its  northern  extreme,  the  satellite  spends 
less  and  less  time  in  the  maximum  of  the 
proton  distribution  and  the  incident  flux 
decreases  by  a factor  of  about  5.  The  pattern 


is  repeated  as  the  latitude  of  apogee  returns 
to  the  equator  and  goes  to  the  southern  ex- 
treme. The  two  extremes  are  different  be- 
cause of  the  assymetry  of  the  earth’s 
magnetic  field. 

An  omnidirectional  flux  of  protons  in  this 
low  energy  range  has  a damage  equivalence 
of  about  6 X 108  1 Mev  electrons  for  n-on-p 
solar  cells  (Figure  6-32).  Thus  at  the  end  of 
1 day  the  exposure  of  Figure  6-34  amounts 
to  approximately  2.4  X 1014  equivalent  1 
Mev  electrons/cm2.  This  is  considerably 
smaller  than  Waddel’s  observed  damage 
rate,  but  still  lower  energy  protons  need  to 
be  included.  By  extrapolating  the  proton 


*See  Chapter  8,  this  report. 
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Figure  6-30. — R,  X flux  map  for  6.0-8.6  Mev  protons,  June  and  July  1963. 


spectra  of  Figure  6-26  downward  in  energy 
and  only  including  protons  of  1 Mev  and 
above,  the  equivalent  damaging  flux  is  in- 
creased by  about  a factor  of  10. 

Electron  Damage 

The  low  energy  protons  do  not  matter  for 
damage  in  the  main  power  plant  of  Relay  I 
or  in  any  but  the  unshielded  damage  meas- 
uring cells.  In  the  30  and  60  mil  glass 
shielded  devices  electrons  and  higher  energy 
protons  are  contributing  the  damage.  Fig- 
ure 6-36  is  a daily  exposure  plot  for  electrons 
>1  Mev.  The  phase  of  the  maxima  and 
minima  are  interchanged  with  respect  to 
Figure  6-31— R,  x flux  map  for  > 1 Mev  electrons.  those  of  Figure  6-35.  The  satellite  spends 
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Figure  6-32. — Damage  equivalence  of  protons 
on  n-on-p  solar  cells. 


the  greatest  amount  of  time  in  the  region 
of  the  high  intensity  of  the  inner  belt  (and 
the  outer  belt)  when  apogee  is  near  an  ex- 
treme of  latitude.  When  apogee  is  on  the 
equator  the  satellite  almost  skirts  the  inner 
belt.  The  average  exposure  of  the  satellite 
to  electrons  >1  Mev  over  a period  of  months 
is  approximately  8 X 1011/cm2  day.  The  dam- 
age equivalence  of  fission-spectrum  electrons 
for  60  mil  glass  shielded  n-on-p  solar  cells 
is  approximately  0.8.  Thus  the  electrons  are 
contributing  the  equivalent  of  about  6 X 1011 
1 Mev  e/cm2  day,  somewhat  less  than  half 
the  total  damage  observed  by  Waddel.  Pre- 
sumably protons  in  the  vicinity  of  20  Mev 
are  responsible  for  the  remainder.  The  maxi- 
ma of  the  electron  exposure  have  a period 
of  about  145  days  (half  the  period  of  pre- 
cession of  apogee)  and  there  is  a small  sec- 
ond harmonic  contribution  as  well,  apparent 
in  the  dip  at  the  northern  apogee  extreme. 
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Figure  6-34. — The  satellite  position  in  R-X  space  during  the  first  few  orbits. 
The  points  are  5 minutes  apart. 
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Figure  6-35. — Daily  exposure  of  Relay  I to  2. 5-3.6 
Mev  protons  from  launch  through  the  first  8 
months  of  1963. 


Authors.  This  chapter  was  written  by 
W.  L.  Brown,  L.  W.  Davidson,  and  L.  V. 


Figure  6-36.- — Daily  exposure  of  Relay  I to  >1 
Mev  electrons  from  launch  through  the  first  8 
months  of  1963. 
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Relay  I Trapped  Radiation  Measurements 

JO**6 

The  spatial  dependence  of  the  intensities  of  geomagnetically  trapped  electrons 
with  energies  greater  than  0.45  Mev  and  of  protons  in  four  energy  ranges  have  been 
measured  in  the  region  within  radial  distances  of  1.2  and  2.3  earth  radii.  s-)  r_/i> 


INTRODUCTION 

A set  of  four  particle  radiation  detectors 
was  designed  and  constructed  at  the  State 
University  of  Iowa*  for  flight  aboard  the 
Relay  satellite.  As  was  originally  planned, 
the  reduction  and  analysis  of  the  data  result- 
ing from  the  successful  launchings  of  the 
Relay  I and  Relay  II  satellites  are  now  being 
performed  at  the  University  of  California  at 
San  Diego.  This  paper  is  based  upon  a par- 
tial analysis  of  the  data  obtained  by  Relay  I 
during  its  first  year  in  orbit. 

The  principal  objective  of  obtaining  a 
description  of  that  part  of  the  particle  radia- 
tion environment  which  can  produce  radia- 
tion damage  has  been  met  despite  the  fact 
that  some  of  the  detectors  were  themselves 
damaged  by  the  particles  which  they  were 
measuring. 

RADIATION  DETECTOR  SYSTEM 

The  identification  of  particles  as  protons 
or  electrons  is  accomplished  with  a high 
degree  of  success  within  the  detectors  them- 
selves by  judicious  choices  of  sensor  (size 
and  type),  detector  shielding,  and  proper 
choice  of  electron  discrimination  levels.  Once 
particle  type  is  determined,  the  particle  in- 
cident energy  should  be  classified  according 
to  magnitude. 


All  the  detectors  produce  a quantity  of 
charge  related  to  the  energy  lost  by  the  inci- 
dent particle  in  the  sensor.  Two  of  the  sen- 
sors are  of  the  solid  state  type  and  two  are 
scintillation  crystals  mounted  on  photomul- 
tiplier tubes.  In  the  solid  state  detectors, 
designated  here  as  B and  C,  the  charge  pro- 
duced at  the  output  is  linearly  related  to 
the  energy  lost  by  the  particle  in  the  sensor. 
The  charge  output  of  the  scintillation  crys- 
tals, here  designated  as  A and  D,  is  also 
related  to  the  particle  energy  lost  in  the  sen- 
sor but  not  always  linearly. 

To  avoid  difficulties  due  to  variations  in 
the  capacitance  at  the  sensor  output,  the  in- 
put amplifier  was  designed  to  respond  to  the 
charge  generated  by  the  sensors  rather  than 
the  voltage.  At  the  output  of  these  amplifiers 
a voltage  pulse  is  present  related  to  the  en- 
ergy loss  in  the  sensors.  Since  the  energy 
loss  as  a function  of  the  energy  of  the  inci- 
dent particles  can  be  both  measured  and 
calculated,  the  energy  spectrum  analysis  is 
reduced  to  a voltage  pulse  height  analysis. 

Other  electronic  blocks  common  to  each 

*Fillius,  R.  W.,  Satellite  instruments  using  solid 
state  detectors,  SUI  63-26  (State  University  of 
Iowa  Master's  Thesis,  1963)  . Enemark,  D.  G.,  Elec- 
trical design  of  the  radiation  effects  experiment  for 
the  satellite  Relay  SUI  62-16  (State  University  of 
Iowa  Master's  Thesis,  1962), 
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detector  are:  a delay  line  inter-stage  net- 
work to  clip  the  pulses  to  a length  of  .25 
n sec,  a voltage  post  amplifier  and  voltage 
amplitude  discriminators.  The  amplitude 
discriminators  form  the  input  circuits  to 
pulse  height  analyzers  for  each  detector. 
Since  analyzers  for  each  detector  are  some- 
what different  they  will  be  described  indi- 
vidually. Photographs  of  Detector  A and 
the  B-C-D  detector  complex  are  shown  in 
Figures  7-1  and  7-2. 

The  B,  C,  and  D detectors  are  direction- 
ally  sensitive  with  the  consequent  need  for 
the  knowledge  of  magnetic  field  orientation 
for  good  intensity  measurements.  Detector 
A however  is  an  omnidirectional  detector 
whose  response  is  independent  of  the  field 
orientation. 

The  systems  design  is  governed  by  the 
dynamics  of  trapped  particles  in  the  earth’s 
magnetic  field.  The  particles  are  constrained 
to  travel  in  approximately  helical  paths 
about  the  lines  of  force.  The  angle  a which 
the  particle  velocity  makes  with  respect  to 
the  field  line  varies  with  the  magnitude 
of  the  magnetic  field  B along  the  field  line 


Figure  7-1.— Relay  I omnidirectional  detector  A. 


according  to  the  equation  sin2a  — B/Bm 
where  Bm  refers  to  the  point  a = 90°.  The 
angular  distribution  about  the  field  line  is 
almost  always  such  that  the  peak  intensity 
occurs  in  the  plane  perpendicular  to  the  field 
line,  i.e.,  at  a = 90°.  The  magnetometer 
gating  is  arranged  so  that  counts  are  ac- 
cumulated only  when  the  detectors  are  point- 
ing perpendicular  to  the  field  line.  The  com- 
plete angular  distribution  at  any  point  can 
be  obtained  by  obtaining  the  dependence  of 
the  intensity  at  a — 90°  upon  Bm  and  using 
the  equation  sin2a  ■—  B/Bm  to  transform  this 
dependence  upon  Bm  into  the  a dependence 
at  the  desired  value  of  B. 

Since  the  peak  intensity  occurs  normal  to 
the  magnetic  field  lines  it  is  only  necessary 
to  determine  when  the  field  component  along 
the  detector  axis  is  zero  and  arrange  to  turn 
on  the  detectors  for  an  interval  during  which 
the  rate  is  relatively  constant.  Previous 
measurements  at  920  km  have  shown  the 
angular  distribution  to  be  symmetrical  about 
the  normal  plane  and  the  intensity  to  vary 
less  than  10  percent  over  10  degrees  on  either 


Figure  7-2.— Relay  I B-C-D  directional  detector 
complex. 
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side  of  the  peak.  At  Relay  I altitudes  the 
variation  is  expected  to  be  even  less.  From 
this  then  it  is  seen  that  if  the  detectors  are 
turned  on  about  10  degrees  ahead  of  the 
zero  crossing  of  the  field  and  turned  off 
about  10  degrees  after  zero  crossing,  a good 
measure  of  the  peak  intensity  can  be  made. 

Relay  I spins  at  approximately  2.7  rps 
in  a known  sense.  The  detector  gating  was 
achieved  by  placing  an  ac  coupled  flux  gate 
magnetometer  about  13  degrees  ahead  of 
the  detector  axis  in  rotation.  At  zero  ac 
field  crossing  along  the  magnetometer  axis, 
a turn  on  signal  is  generated  which  allows 
the  detectors  to  accumulate  counts  for  the 
fixed  interval  of  exactly  24  satellite  clock 
pulses,  after  which  the  detectors  are  gated 
off.  With  the  satellite  clock  rate  of  1152 
pulses  per  second,  the  on  time  is  0.021  seconds 
or  about  19  degrees  of  revolution.  The  num- 
ber of  clock  pulses  during  each  active  inter- 
val is  counted  to  provide  an  accurate  meas- 
ure of  the  total  time  of  data  accumulation. 

When  the  spin  axis  of  the  satellite  happens 
to  be  aligned  with  the  field  line  and  the  de- 
tectors are  always  in  the  normal  plane, 
no  ac  field  variation  is  seen  by  the  mag- 
netometer. Whenever  the  ac  field  variation 
has  not  gone  through  zero  for  one  second, 
a free  runnning  multivibrator  (at  the  nom- 
inal spin  rate)  is  started  to  operate  the  mag- 
netometer gating  circuitry  and  produce  an 
identification  bit  for  transmission  to  indicate 
that  it  is  in  the  special  mode.  The  condi- 
tions necessary  for  this  special  mode  have 
been  met  in  flight  but  it  is  a rare  occurrence. 

In  addition  to  the  magnetometer  gating 
scheme  a large  amount  of  sub-commutation 
is  needed  for  the  radiation  experiments  be- 
cause only  seven  accumulators  are  available 
for  all  the  outputs.  Whenever  possible  all  of 
the  outputs  of  a particular  detector  are  ex- 
amined at  once  to  allow  a direct  measure  of 
the  particle  intensity  in  each  energy  incre- 
ment during  the  same  time  interval.  The 
accumulators  and  data  conditioning  system 
are  both  in  the  encoder  and  are  not  an  inte- 
gral part  of  the  radiation  experiment.  It 
can  be  seen  from  the  overall  block  diagram 


(Figure  7-3)  that  the  basic  clock  frequency 
(1152  cps)  of  the  encoder  and  a sub-commu- 
tator advance  signal  are  provided  by  the 
encoder.  The  clock  signal  is  gated  on  (not 
shown  explicitly  in  Figure  7-3)  at  the  same 


Figure  7-3. — Radiation  detector  system  block 
diagram. 


time  the  detector  outputs  are  sampled  and 
fed  to  an  accumulator  in  the  encoder  to  pro- 
vide a direct  measure  of  detector  live  time. 
Detectors  E and  F shown,  which  are  chan- 
neled through  the  same  subcommutator,  are 
from  a separate  experiment  performed  by 
Bell  Telephone  Laboratories.  They  will  not 
be  discussed  here. 

The  subcommutator  advance  signal  from 
the  encoder  has  a period  of  twelve  seconds, 
two  seconds  in  one  state  and  ten  seconds  in 
the  other.  In  the  ten  second  state  the  ac- 
cumulators are  free  to  register  counts  each 
time  the  detector  outputs  are  gated  on  by 
the  magnetometer  signal;  in  the  two  second 
state  the  accumulators  are  read  out.  Signal 
M is  the  gate  from  the  magnetometer  cir- 
cuitry. It  is  in  one  state  for  24  clock  pulses 
(about  0.021  sec)  and  in  its  complement 
state  M for  the  rest  of  the  period  (about 
0.179  sec)  when  it  is  used  for  a background 
measurement  on  B3,  C3,  D3,  B4,  C4,  and  D4 
each  at  different  subcommutator  cycles.  The 
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term  “background”  is  used  to  designate  the 
counts  accumulated  when  the  detectors  are 
not  looking  at  the  peak  intensity. 

It  should  be  noted  that  with  the  exception 
of  detector  A,  all  detector  analyzer  outputs 
are  fed  to  the  sub-commutator  where  they 
are  switched  to  the  accumulators  one  detec- 
tor at  a time.  These  accumulators  are  read 
out  once  a second  while  counting  for  ten 
seconds,  then  inhibited  and  read  twice,  then 
reset  for  the  next  detector.  By  rejecting  the 
data  in  which  the  two  final  readouts  do  not 
agree,  the  probability  of  an  erroneous  read- 
ing produced  by  transmission  noise  is  re- 
duced to  a very  small  value  (in  practice,  very 
few  errors  in  over  105  readings  have  been 
discovered) . Detector  A is  permanently  con- 
nected through  its  driver  to  an  accumulator 
which  is  read  out  every  second  but  is  never 
reset.  Accumulator  overflow  is  detected  dur- 
ing data  reduction.  The  remaining  lines 
shown  are  information  signals  for  transmis- 
sion ; vis., 

1.  Two  identification  bits  to  indicate  sub- 
commutator  position. 

2.  One  identification  bit  for  magnetometer 
gating  circuit  mode. 

3.  One  analog  channel,  sampled;  once  a 
second,  which  time  shares  on  equal  basis 
between  the  sine  wave  output  of  the  mag- 
netometer and  on  an  identification  bit  to 
indicate  which  of  the  alternate  outputs  of 
the  analyzers  is  in  use. 

4.  Two  identification  bits  from  the  Bell 
Telephone  Laboratories  experiment. 

In  the  detailed  discussion  of  the  detector 
parameters  which  follows,  it  will  be  con- 
venient to  consider  them  in  the  order  of  in- 
creasing complexity  associated  with  their 
energy  analyzing  system. 

The  measurements  of  the  magnetometer 
signal  can  be  compared  with  the  computed 
magnetic  vector  to  derive  the  orientation  of 
the  satellite  spin  vector.  Shortly  after  the 
launch  of  Relay  I,  the  spin  vector  was  as- 
certained in  this  manner  to  be  within  4 
degrees  of  a declination  equal  to  —69  degrees 
and  a right  ascension  of  125  degrees  on  the 
celestial  sphere. 


Detector  A Characteristics 

Detector  A is  primarily  an  omnidirectional 
35  to  300  Mev  proton  detector  but  with  some 
sensitivity  to  high  energy  electrons.  The 
sensor  is  a 0.932  cm  diameter  sphere  of 
National  Radiac  Sintilon  plastic  scintillator 
optically  coupled  to  the  phototube  through  a 
conical  light  pipe  (see  Figure  7-4).  The 


Figure  7-4, — Detector  A scintillator  mount  and 
shielding. 


height  of  the  light  pipe  is  chosen  to  place 
the  center  of  the  sphere  at  the  center  of 
the  two  concentric  hemispherical  aluminum 
domes  so  that  particles  entering  from  the 
front  and  sides  will  see  the  same  amount  of 
shielding;  viz.,  1,30  g/ cm2.  This  shielding 
thickness  stops  all  protons  of  energy  less 
than  34  Mev  and  electrons  less  than  2.7  Mev. 

One  amplitude  discriminator  is  placed  at 
the  amplifier  output  with  pulse  height  set- 
ting corresponding  to  the  integral  energy 
spectrum  end  point  of  Co60.  For  the  scintil- 
lator’s size  and  type  this  setting  represents 
an  energy  loss  in  the  crystal  of  approxi- 
mately 1.0  Mev  since  the  most  important 
photon  physical  process  at  this  energy  is 
Compton  scattering.  Consequently,  the  de- 
tector proton  and  electron  thresholds  are  34 
Mev  and  3.7  Mev.  In  the  proton  case  it  is 
evident  that  the  shielding  thickness  is  the 
dominant  parameter  for  setting  the  energy 
threshold.  For  the  electron  threshold  the 
electronic  discriminator  level  must  be  known 
accurately  also. 

An  experimental  measurement  of  the  pro- 
ton energy  threshold  was  performed  on  the 
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University  of  Minnesota  linear  accelerator 
and  was  found  to  be  35  Mev  to  an  accuracy 
better  than  3 percent.  Direct  electron  thresh- 
old measurements  could  not  be  performed 
because  of  the  lack  of  a monoenergetic  high 
energy  electron  source. 

Detector  D Characteristics 

Detector  D is  primarily  a directional  elec- 
tron detector  with  some  sensitivity  to  pro- 
tons. The  sensor  is  a cylinder  of  Scintillon 
0.254  cm  diameter  and  0.254  cm  in  height. 
It  is  optically  coupled  to  the  phototube 
through  a glass  disc  (see  Figure  7-5)  to 


0.51  g/cm2AI 

BBSS* MAGNETIC  SHIELDING 


Figure  7-5. — Detector  D scintillator  mount, 
shielding  and  aperture. 


provide  an  additional  0.81  g/cm2  of  shielding 
in  the  backward  direction.  A minimum  of 
1.07  g/mc2  of  platinum  shields  the  crystal 
from  the  forward  direction  except  for  a 
circular  entrance  area  of  1.37  X 10-2  cm2. 
Particles  entering  the  scintillator  from  the 
forward  direction  must  penetrate  0.048 
g/cm2  of  aluminum  foil  after  passing  through 
a 27  degree  conical  acceptance  aperture. 
From  the  parameters  of  shielding  and  en- 
trance area,  solid-angle  product  along  with 
the  geometric  factors,  G,  are  listed  (see 
Table  7-1). 

Several  features  of  the  above  list  should  be 
explained.  The  transition  between  the  two 
values  for  geometric  factor  occurs  when  the 
range  of  incident  particles  exceeds  the  1.07 
g/cm2  of  platinum.  For  particles  greater 
than  this  range  the  sensitive  entrance  area 


Table  7-1 

G 

Electrons 

Protons 

2.38  XI 0“3  cm2-ster 

0.20  to  3.0  Mev 

5.0  to  20  Mev 

8.80  X1G-3  cm^ster 

greater  than  3.0  Mev 

greater  than  20  Mev 

expands  to  the  full  diameter  of  the  cylin- 
drical scintillator.  Fortunately,  both  electron 
and  protons  intensities  fall  rapidly  with  in- 
creasing energy  in  the  trapped  radiation 
allowing  the  use  of  G = 2.38  X 10'3  cm2-ster 
alone  to  a high  degree  of  accuracy. 

Four  amplitude  discriminators  are  placed 
at  the  amplifier  output,  each  providing  a 
point  on  an  integral  pulse  height  spectrum 
of  the  detected  particles.  In  view  of  the 
previous  discussion  about  the  geometric  fac- 
tor, it  is  seen  that  to  high  accuracy  the 
shielding  serves  to  solely  determine  a lower 
energy  cutoff  for  electrons  and  protons.  The 
energy  equivalent  of  the  electronic  discrim- 
ination level  settings  will  just  add  to  this 
low  energy  cutoff  to  provide  integral  energy 
channels  labelled  Dl,  D2,  D3,  and  D4  (see 
Table  7-2).  When  the  counting  due  to  pro- 


Table  7-2 


Energy- 

loss 

required 

Electrons 

Efficiency 

Protons 

Efficiency 

Dl 

.13 

<0.30  Mev 

.7 

<5.1  Mev 

1.0 

D2 

,28 

<0.45  Mev 

.6 

<5.1  Mev 

1.0 

D3 

.43 

<0.62  Mev 

•45 

<5.2  Mev 

1.0 

D4 

.64 

<0.82  Mev 

.13 

<5.2  Mev 

1.0 

tons  is  important,  the  differences  in  the  effi- 
ciencies for  protons  and  electrons  in  the 
different  channels  can  be  used  to  separately 
determine  the  electron  and  proton  fluxes. 

The  discrimination  levels  can  be  repro- 
ducibly  set  with  a laboratory  Sr90  electron 
source  by  noting  the  number  of  counts  at 
each  output  and  the  count  ratios  of  neigh- 
boring levels.  Basic  calibration  of  the  energy 
thresholds  and  efficiences  were  obtained  using 
the  Bell  Telephone  Laboratories  1 Mev  ac- 
celerator. A graph  of  the  efficiency  vs.  energy 
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Figure  7-6. — Relative  efficiency  vs.  energy  curves 
for  detector  D outputs. 


shown  in  Figure  7-6  serves  to  illustrate  the 
manner  in  which  the  stated  integral  energy 
levels  were  chosen.  Further  calibrations 
were  made  with  a fission  beta  spectrum  at 
Los  Alamos  with  the  following  results  for 
the  product,  the  efficiency  («),  and  geometric 
factor  (see  table  7-3). 


Table  7-3 


Channel 

(cG)  fission 

D1 

1.46X10"*  cm2-ster 

D2 

1.16X10”! 

D3 

5.92X10" 3 

D4 

1.18  X10"4 

Detector  B Characteristics 

Detector  B is  a single  p-n  junction  diode 
(Ortec  surface  barrier  detector)  designed  to 
detect  protons  with  nominal  energy  for  1 to 
4.5  Mev  with  a high  discrimination  against 
the  ambient  electron  flux.  Insensitivity  to 
electrons  is  achieved  through 

1.  Use  of  a thin  sensor  so  that  entering 
electrons  cannot  deposit  much  energy  in  it. 

2.  Discrimination  levels  that  are  set  much 
higher  than  the  pulse  amplitude  typically 
produced  by  electron  energy  loss  in  the 
sensor. 

8.  The  previously  mentioned  0.25  jx  sec 
pulse  clipping  to  decrease  the  probability  of 


pulse  pile-up  of  many  low  energy  events. 
Brass  shielding  about  the  sensor  confines 
the  entrance  aperture,  for  protons  less  than 
85  Mev,  to  a 15  degree  conical  half-angle. 
Details  of  aperature  construction  are  shown 
in  Figure  7-7.  Two  thin  annular  discs  serve 


1 . MOUNTING  RING  5.  SECOND  SPACER  9.  DETECTOR  HOLDER 

2.  REAR  SHIELD  6.  UPPER  SPACER  10.  SOURCE  MOUNT 

3.  MAIN  HOUSING  7.  APERTURE  OEFINING  11.  ELECTRON  BAFFLE 

4.  REAR  SPACER  8.  CONNECTOR  INSULATOR  12.  ELECTRON  BAFFLE 

Figure  7-7. — Detector  B aperture. 

as  electron  baffles  to  limit  electron  scat- 
tering into  the  detector.  A nickel  foil  1.2 
mg/cm2  thick  is  mounted  on  the  inner  baffle 
to  shield  the  detector  from  light.  The  6.5 
mm2  sensor  area  results  in  a geometric  fac- 
tor of  0.015  cm2-steradians  for  the  detector. 

The  detector  B electronic  discrimination 
levels  (Ba,  Bp,  By,  Bs)  are  set  at  0.98  Mev, 
2.10  Mev  and  3.84  Mev  respectively.  But 
because  of  the  small  depletion  depth  (100 
microns)  of  the  detector  a given  discrimina- 
tion level  may  be  triggered  both  by  a proton 
which  stops  in  the  active  depth  and  a higher 
energy  proton  which  penetrates  it.  Pene- 
trating protons  of  still  higher  energy  cannot 
deposit  sufficient  energy  in  the  active  depth 
to  trigger  the  discrimination  level.  There- 
fore the  proton  energies  associated  with  a 
given  pulse  hieght  are  double  valued.  This 
characteristic  of  detector  B is  displayed  in 
Figure  7-8  with  the  discrimination  levels 
marked.  Here  it  is  clearly  shown  that  al- 
though the  output  of  the  discriminators  are 
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RELAY  DETECTOR  B 

PULSE  HEIGHT  ANALYSIS  SCHEME 


INITIAL  ENERGY  OF  PROTON  INCIDENT  ON  DETECTOR 


Figure  7-8. — Typical  detector  B energy  response 
characteristics  with  discriminator  settings  indi- 
cated. 


integral  in  pulse  height  they  represent  re- 
dundant differential  proton  energy  intervals. 
Further,  level  Bs  is  set  higher  than  any 
possible  pulse  height  obtainable  from  protons 
received  through  the  entrance  aperture.  It 
can  be  triggered  only  by  heavier  particles, 
such  as  a-particles,  or  protons  (greater  than 
85  Mev)  penetrating  the  side  of  the  shield 
and  traversing  the  detector  sideways.  Level 
B4  yields  a crude  measure  of  the  omnidirec- 
tional background  flux  which  penetrates  the 
shield. 

Adjacent  discrimination  levels  are  placed 
in  anti-coincidence  (top  of  Figure  7-8)  to 
yield  four  output  channels  labelled  as  Bl, 
B2,  B3,  B4  with  proton  energy  ranges 
Bl  : 1.1  to  1.6  Mev  and  7.1  to  14  Mev 
B2 : 1.6  to  2.25  Mev  and  4.75  to  7.1  Mev 
B3:  2.25  to  4.74  Mev 
B4:  greater  than  85  Mev  background 
channel. 

It  can  be  seen  that  the  overlapping  energy 
intervals  have  been  eliminated  but  an  unam- 


biguous identification  of  an  energy  spectrum 
still  depends  upon  some  prior  knowledge 
of  spectral  shape.  Calibrations  of  these 
ranges  are  based  partly  upon  protons  gen- 
erated by  the  d (Hes,p)He4  reaction  on  the 
Cockcroft-Walton  accelerator  at  the  State 
University  of  Iowa,  shielding  calculations, 
and  the  use  of  an  accurately  calibrated  elec- 
tronic pulser.  Reaction  produced  protons  are 
used  to  determine  the  detector  bias  voltage 
required  for  the  desired  depletion  depth  and 
to  find  the  upper  cutoff  energy  for  penetrat- 
ing protons  in  each  channel.  Lower  cutoff 
energies  for  non-penetrating  protons  are 
based  upon  the  discrimination  levels  set  by 
a calibrated  pulser  with  allowance  for  the 
proton  energy  loss  in  the  light-tight  foil. 

Detector  C Characteristics 

Detector  C is  a two  element  proton  tele- 
scope which  classifies  proton  energies  in 
three  bands  from  18.2  to  63  Mev.  Direc- 
tionality and  solid  angle  are  defined  by  two 
1 cm2  Li-drift  detectors  separated  a dis- 
tance of  2 cm  with  their  faces  parallel  and 
their  sides  rotated  at  45  degrees  with  re- 
spect to  each  other.  The  resulting  geometric 
factor  is  0.216  cm2-steradian. 

High  energy  protons  coming  from  the 
right  direction  penetrate  both  detectors  pro- 
ducing time  coincident  pulses.  The  rear 
detector,  designated  C2,  performs  the  pulse 
height  analysis  on  the  penetrating  part  of 
the  characteristic  while  the  front  detector 
serves  to  resolve  the  ambiguity  in  the  double 
values  characteristic  of  the  rear  detector. 
Characteristics  for  detectors  Cl  and  C2  are 
given  in  Figure  7-9  with  the  placing  of  elec- 
tronic discrimination  levels  shown.  The 
block  diagram  at  the  top  of  the  figure  in- 
dicates the  logical  sorting  of  discriminator 
levels  which  combine  to  form  analyzer  out- 
puts Cl,  C2,  C3,  and  C4.  Output  C4  is  dif- 
ferent from  the  other  outputs  in  that  it 
represents  the  singles  rate  of  pulse  ampli- 
tudes between  C2a  and  C2p  rather  than  time 
coincident  pulses  in  the  two  detectors.  Chan- 
nel C4  is  used  as  a background  monitor  to 
allow  an  estimate  of  the  random  coincidence 
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TELESCOPE  DETECTOR  C PULSE-HEIGHT 
CHARACTERISTICS  & BLOCK  LOGIC 


INITIAL  ENERGY  OF  PROTON  TRAVERSING  DETECTOR  C 

Figure  7-9. — Typical  detector  C energy  response 
characteristics  with  discriminator  settings  indicated. 

rate.  Resultant  differential  energy  proton 
channels  are 

Cl : 18.2  to  25  Mev 
C2:  25  to  35  Mev 
C3 : 35  to  63  Mev 
C4:  background 

These  results  are  shown  succinctly  by  Fig- 
ure 7-10  where  the  foreground  locus  repre- 
sents the  energies  recorded  by  the  output 
channels  when  a proton  traverses  Cl  first 
and  the  background  locus  when  C2  is  trav- 
ersed first. 

Once  again  protons  from  the  d (He3,  p)  He4 
reactions  were  used  to  determine  the  front 
and  back  dead  layers  and  the  depletion  depth 
for  the  two  component  sensors.  Typical 
values  were  found  to  be  4.7  Mev,  13  Mev, 
and  7.25  Mev  respectively.  A final  check 
of  lower  energy  cutoffs  for  two  of  the  out- 
put channels  was  performed  with  the  40 
Mev  linear  accelerator  at  the  University  of 
Minnesota.  Counting  rates  from  the  three 
channels  as  a function  of  incident  proton 
energy  compared  favorably  with  the  expect- 


Figure 7-10. — Detector  C telescope  proton  analysis. 

ed  values  calculated  from  the  measured  de- 
tector parameters  and  discrimination  levels. 

DETECTOR  RADIATION  DAMAGE 

A comparison  of  the  detector  A and  D 
measurements  with  results  from  similar  de- 
tectors aboard  Explorer  XV  indicates  that 
the  effective  amplification  of  the  Relay  I 
scintillation  detectors  decreased  by  about  a 
factor  of  1.3  during  the  first  month  in  flight. 
The  data  also  indicates  that  smaller  de- 
creases occurred  during  the  next  two  months. 
All  of  the  data  taken  since  May  1,  1963,  how- 
ever, is  consistent  with  the  assumption  that 
the  effective  detector  gains  remained  stable 
to  within  10  percent.  The  absolute  discrim- 
ination levels  used  in  this  paper  are  prob- 
ably not  in  error  by  more  than  15  percent 
but  comparison  with  the  data  from  Relay  II 
will  provide  a more  accurate  and  trustworthy 
determination  of  the  characteristics  assumed 
by  the  Relay  I detectors  after  May  1,  1963, 

In  the  case  of  detector  D,  the  change  in 
characteristics  can  be  directly  attributed  to 
radiation  damage  in  that  the  glass  disc  upon 
which  the  scintillator  is  mounted  can  be 
darkened  by  a particle  radiation  dose  com- 
parable to  that  received  in  flight.  This  source 
of  difficulty  has  been  corrected  in  the  detec- 
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tor  D units  to  be  flown  in  the  future  by  re- 
placing the  glass  with  sapphire. 

Two  effects  of  radiation  damage  were  ob- 
served on  the  B detector.  First,  the  resis- 
tivity of  the  silicon  increased  so  that  the 
depletion  depth  increased.  Knowing  that  this 
change  occurred  (by  the  appearance  of  large 
pulses)  the  necessary  minor  modifications 
in  the  interpretation  of  the  data  can  be  made 
with  confidence.  The  second  effect  was  that 
after  120  days  in  orbit,  the  size  of  the  pulses 
began  to  decrease  so  that  after  160  days  in 
orbit,  the  counting  rates  from  the  B detector 
approached  zero.  The  total  number  of  protons 
reaching  the  sensitive  element  of  the  detec- 
tor by  this  time  was  about  1012/cm2  corre- 
sponding to  a radiation  dose  of  about  106 
rads.  The  solid  angle  subtended  by  the  de- 
tector B aperture  was  reduced  by  a factor 
of  2.2  on  the  unit  Relay  II  so  that  a some- 
what extended  detector  life  is  anticipated. 

After  one  year  in  orbit  the  counting  rates 
due  to  protons  in  detector  C remain  the  same 
as  on  the  day  of  launch.  This  indicates  that 
the  radiation  damage  to  the  two  sensors  in 
this  detector  has  not  been  important. 

ELECTRON  DISTRIBUTIONS 

The  usual  magnetic  coordinates  B and  L* 
are  used  throughout  this  paper  to  organize 
the  data  received  from  different  locations 
in  space.  The  L value  for  a point  in  space 
is  approximately  equal  to  the  maximum 
radial  distance  reached  by  the  line  of  force 
going  through  the  point  and  is  given  in  units 
of  earth  radii.  B is  the  scalar  magnitude  of 
the  magnetic  field  at  that  location  in  units 
of  gauss. 

After  the  initial  reduction  of  the  tele- 
metered information,  the  counting  rates 
from  all  19  channels  of  data  are  interpolated 
to  a particular  set  of  L values:  1.1,  1.15,  1.2, 
etc. 

On  July  9,  1962  a high  altitude  nuclear 
explosion  injected  large  numbers  of  ener- 
getic electrons  into  trapped  orbits  in  the 
earth’s  magnetic  field.  Subsequent  measure- 
ments** have  shown  that  at  least  until  Feb- 
ruary 1963  these  electrons  constituted  an 


important  radiation  hazard  to  spacecraft 
traversing  certain  regions  of  space.  The 
Relay  I data  presented  here  show  that  this 
situation  persisted  throughout  the  year  of 
1963. 

The  flux  of  electrons  with  energies  greater 
than  0.45  Mev  can  be  uniquely  obtained  by 
subtracting  the  D4  channel  (Detector  D, 
fourth  discrimination  level)  from  the  D2 
channel  to  remove  the  proton  contribution 
to  the  D1  counting  rate.  The  unidirectional 


Figure  7-11. — Electron  intensity  normal  to  the  mag- 
netic field  as  a function  of  B for  various  values 
of  L. 


intensity  perpendicular  to  the  line  of  force 
of  electrons  greater  than  0.45  Mev  obtained 
in  this  manner  is  shown  in  Figure  7-11  as 
a function  of  B for  a set  of  lines  of  force 
with  L values  between  1.25  and  2.7  earth 
radii.  The  actual  data  points  are  shown  for 
some  of  these  lines  of  force  to  illustrate  the 
distribution  and  scatter  of  the  data  points. 

In  the  future,  as  more  data  is  received, 
analytic  fits  to  these  data  points  will  be  made 

*McIlwain,  G.  E.,  Coordinates  for  mapping  the 
distribution  of  magnetically  trapped  particles,  J.  Geo- 
phys.  Res.  66,  3681-3691,  1961. 

**McIlwain,  C.  E.,  The  radiation  belts,  natural  and 
artificial,  Science,  H2,  355-361,  1963. 
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as  a function  of  B and  time  for  each  line  of 
force.  This  will  make  possible  a normaliza- 
tion of  the  intensities  to  a reference  time 
which  will  considerably  reduce  the  scatter 
in  the  data.  Analytic  fits  will  also  simplify 
the  integration  of  the  unidirectional  inten- 
sities to  obtain  the  angular  distributions  and 
the  omnidirectional  intensities.  In  lieu  of 
actual  integration,  it  is  a useful  fact  that 
the  omnidirectional  intensity  is  almost  al- 
ways within  a factor  of  1.5  of  six  times  the 
unidirectional  intensity  perpendicular  to  the 
line  of  force. 

The  plot  of  contours  of  constant  intensity 
in  B-L  space  shown  in  Figure  7-12  were 
derived  from  the  same  data  shown  in  Figure 
7-11.  The  ratio  of  intensities  between  ad- 
jacent contours  is  10° 25  = 1.778. 

Comparing  these  results  with  the  Explorer 
XV  data,  which  were  obtained  between  No- 
vember 1,  1962  and  February  1,  1963,  it  is 
found  that  the  relative  spatial  distributions 
given  by  the  two  sets  of  data  are  identical 
to  within  30  percent  in  the  region  L = 1.3 


to  1.6.  The  absolute  intensities  obtained 
from  the  Relay  I measurements  in  this  re- 
gion may  be  as  much  as  a factor  two  lower 
than  the  earlier  Explorer  XV  results.  Deter- 
mination of  the  true  time  dependence  must 
await  comparison  with  the  Relay  II  results 
but  the  present  results  indicate  that  the  time 
constant  for  decrease  in  the  intensities  in 
this  region  is  greater  than  one  year.  Since 
few  reliable  measurements  of  electrons  great- 
er than  0.5  Mev  were  made  previous  to  the 
“Starfish”  event,  it  is  not  yet  possible  to 
determine  what  part  of  the  intensities  are 
due  to  naturally  occurring  electrons. 

The  Relay  I omnidirectional  detector  (de- 
tector A)  is  sensitive  to  electrons  with  en- 
ergies greater  than  3.5  Mev  and  protons 
with  energies  greater  than  34  Mev.  As 
mentioned  previously,  the  effective  gain  suf- 
fered an  initial  decrease.  By  May  1,  1963 
the  gain  reached  a stable  value  approximately 
a factor  of  1.5  lower  than  before  launch. 
This  caused  the  discrimination  level  to  ap- 
proach the  largest  pulse  size  which  can  be 
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produced  by  an  electron  thereby  reducing 
the  efficiency  for  electrons  to  about  one 
tenth  of  the  initial  value.  Since  there  were 
no  independent  measurements  of  high  en- 
ergy electrons  made  between  February  1 
and  May  1,  1963,  it  is  possible  that  the  meas- 
ured decrease  of  a factor  10  in  the  electron 
counting  rates  may  include  a factor  due  to 
the  change  in  the  trapped  electron  intensities. 
The  Relay  II  results,  when  available,  can 
be  used  to  recalibrate  the  Relay  I detector 
and  will  therefore  remove  most  of  the  pres- 
ent uncertainty. 

It  should  be  noted  that  most  of  the  pulses 
produced  by  protons  in  the  Relay  I detector 
A remained  far  larger  than  the  discrimina- 
tion level.  The  efficiency  for  protons  can 
therefore  be  accurately  computed. 

At  L values  greater  than  3.0  earth  radii, 
the  counting  rate  due  to  protons  is  very 
small,  thereby  permitting  good  measure- 
ments of  the  high  energy  electrons  in  the 
outer  zone.  The  analysis  of  the  complex 
time  and  spatial  dependences  of  the  outer 
zone  is  not  yet  complete  and  will  therefore 
be  presented  in  a later  paper. 

At  L values  of  less  than  1.45,  over  80  per- 
cent of  the  detector  A counting  rate  is  due 
to  electrons.  The  observed  counting  rates 
along  several  lines  of  force  in  this  region  are 
shown  in  the  upper  part  of  Figure  7-13. 
The  corresponding  contours  of  constant 
counting  rate  in  B-L  space  are  shown  in  the 
left  side  of  Figure  7-14.  For  comparison, 
the  contours  of  constant  intensity  of  elec- 
trons with  energies  greater  than  5 Mev  as 
measured  by  Explorer  XV  are  shown  in 
Figure  7-15.  As  expected,  the  contours  are 
very  similar  in  the  region  L = 1.25  to  1.5. 
In  the  region  L < 1.25,  there  probably  has 
been  an  appreciable  decrease  in  the  high 
energy  electron  intensities,  but  no  Relay  I 
data  taken  in  this  region  after  May  1,  1963 
is  available,  so  that  the  reality  of  this  de- 
crease cannot  be  demonstrated. 

PROTON  DISTRIBUTIONS 

During  the  period  May  1 to  September  22 
of  1963,  over  80  percent  of  the  detector  A 


Figure  7-13-— Counting  rate  of  the  omni-directional 
detector. 


counting  rates  in  the  region  L — 1.8  to  2.8 
earth  radii  were  probably  due  to  protons. 
The  efficiency  for  protons  rises  rapidly  from 
near  zero  at  34  Mev  and  remains  constant 
within  a factor  of  1.5  between  35  and  300 
Mev.  Since  the  flux  of  protons  with  energies 
greater  than  300  Mev  is  relatively  small  in 
the  region  being  considered,  the  detector  A 
counting  rates  correspond  to  the  total  flux  of 
protons  with  energies  greater  than  35  Mev. 
The  weighted  average  value  of  the  efficiency 
times  the  geometrical  factor  is  calculated  to 
be  1/3  cm2  with  a probable  error  of  less  than 
30  percent.  The  counting  rates  along  lines 
of  force  in  this  region  are  shown  in  the  lower 
part  of  Figure  7-13.  The  cosmic  ray  con- 
tribution has  been  removed  by  subtracting 
0.6  counts  per  second.  The  corresponding 
contours  of  constant  counting  rates  are 
shown  in  the  right-hand  part  of  Figure  7-14. 
These  contours  are  very  similar  to  the  con- 
tours of  40  to  110  Mev  protons  measured 
by  Explorer  XV*.  The  differences  are  well 
explained  by  the  spatial  dependence  of  the 

*McIlwain,  C.  E.,  The  radiation  belts,  natural  and 
artificial,  Science,  H2,  356-361,  1963. 
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Figure  7-15. — Contours  of  constant  omnidirectional 
intensity  of  electrons. 


proton  energy  spectrum  as  measured  by  the 
Relay  I detector  C. 

Detector  C measures  the  unidirectional 
flux  of  protons  in  three  energy  ranges  be- 
tween 18.2  and  63  Mev.  The  lower  two  chan- 
nels Cl  and  C2  have  electron  efficiencies  of 
very  near  zero.  The  third  channel,  C3,  has 
a small  ( .001 ) efficiency  for  electrons  with 
energies  greater  than  3 Mev  as  well  as  an 
efficiency  of  near  unity  for  protons  with 
energies  between  35  and  63  Mev.  The  flux 
of  electrons  with  energies  greater  than  3 
Mev  in  the  region  below  L = 1.5  are  as  much 
as  ten  thousand  times  the  flux  of  35  to  63 
Mev  protons,  therefore  the  C3  channel  does 
not  yield  reliable  measurements  of  protons 
in  this  region.  In  the  region  of  L = 1.5  to 
3.0  earth  radii,  however,  there  is  little  if  any 
interference  due  to  electrons. 

The  contours  of  constant  intensity  of  pro- 
tons with  energies  between  18.2  and  35  Mev 
along  lines  of  force  as  measured  by  channels 
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Cl  and  C2  are  shown  in  Figure  7-16.  The 
radiation  damage  to  solar  cells  shielded  by 
.4  g/cm2  of  material  on  satellites  which 
traverse  the  region  between  1.5  and  2.5  earth 
radii  is  primarily  due  to  protons  in  this 
energy  range. 

The  electron  counting  rates  in  the  D4 
channel  after  May  1,  1963  were  only  about 
5 percent  of  the  electron  counting  rates  in 
the  D2  channel.  Since  the  efficiency  for  pro- 
tons in  the  two  channels  is  very  nearly  the 
same,  the  difference  between  the  D2  and 
D4  channels  can  be  used  to  estimate  the  frac- 
tion of  the  D4  counting  rate  which  is  due  to 
electrons.  Along  lines  of  force  between 
L = 1.8  and  2.6  this  fraction  is  observed  to 
be  less  than  20  percent,  so  that  the  counting 
rate  due  to  protons  can  be  computed  with  a 
probable  error  of  less  than  10  percent.  The 
unidirectional  intensities  of  protons  with 
energies  greater  than  5.2  Mev  derived  in 
this  fashion  are  shown  in  Figures  7-17  and 
7-18. 


The  sum  of  the  Bl,  B2  and  B3  channels 
yields  the  flux  of  protons  with  energies  be- 
tween 1.1  and  14  Mev  with  little  if  any  un- 
wanted effects  due  to  electrons.  The  contours 
of  constant  unidirectional  intensities  of  these 
protons  are  shown  in  Figure  7-19.  Data 
coverage  was  rather  poor  during  the  time 
period  in  which  detector  B was  operating 
properly,  therefore  the  intensities  given  in 
some  parts  of  this  figure  may  be  in  error  by 
as  much  as  a factor  of  two.  It  is  expected 
that  a more  complete  analysis  of  the  avail- 
able data  will  reduce  the  probable  error  to 
less  than  20  percent.  Radiation  damage  to 
unshielded  solar  cells  on  satellites  which 
traverse  the  region  around  2 earth  radii  is 
primarily  due  to  these  low  energy  protons. 

A comparison  of  Figures  7-14,  7-16,  7-18, 
and  7-19  reveals  that  the  spatial  distribu- 
tions of  protons  are  quite  different  in  the 
different  energy  ranges. 

The  proton  energy  spectrum  is  a strong 
function  of  L and  on  some  lines  of  force  the 


Figure  7-16. — Contours  of  constant  unidirectional  intensity  of  protons. 
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Figure  7-17. — Unidirectional  intensity  of  protons. 


spectrum  varies  importantly  with  B.  For  all 
energies  along  all  lines  of  force,  the  maxi- 
mum intensity  occurs  at  the  magnetic  equa- 
tor. These  maximum  intensities  for  four 
different  energy  ranges  are  shown  as  a func- 
tion of  L in  Figure  7-20.  The  intensities  in 
the  40  to  110  Mev  energy  range  are  derived 


from  the  Explorer  XV  data.  Unfortunately, 
the  proton  energy  spectrum  over  the  full 
range  of  1.1  to  110  Mev  cannot  be  adequately 
represented  by  any  simple  spectral  form  like 
a power  low  or  exponential  dependence  on 
energy.  No  one  parameter,  such  as  the  E0 
previously  suggested*  has  been  found  with 
which  the  spatial  dependence  of  the  spectrum 
can  be  easily  characterized. 

Detailed  energy  spectra  can  be  obtained 
by  using  all  eight  of  the  channels  producing 
proton  data  (channels  Bl,  B2,  B3,  D4,  Cl, 
C2,  C3,  and  A).  This  analysis  is  not  yet 
complete  and  will  be  presented  in  a future 
paper. 

MAGNETIC  STORM  EFFECTS 

Between  2100  hours  UT  on  September  22 
and  0300  hours  UT  on  September  23,  the 
largest  fluctuations  in  the  earth’s  magnetic 

*McIlwain,  C.  E.  and  G.  Pizzella,  On  the  energy 
spectrum  of  protons  trapped  in  the  earth's  inner 
Van  Allen  zone,  J.  Geophys.  Res.  68,  1811-1823, 
1963. 


Figure  7-18. — Contours  of  constant  intensity. 
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field  daring  the  year  of  1963  occurred.  With- 
in almost  the  same  short  period  of  time,  the 
proton  distribution  measured  by  detector  A 
underwent  a radical  change.  The  new  dis- 
tribution of  protons  with  energies  greater 
than  35  Mev  is  shown  in  the  right  side  of 
Figure  7-21.  For  comparison,  the  earlier 
distribution  is  shown  on  the  left  side.  At  L 
values  of  less  than  2.0  no  change  larger  than 
10  percent  was  observed,  while  outside 
L — 2.5  the  intensities  typically  decreased 
by  over  a factor  of  ten.  The  earlier  distribu- 
tion had  remained  stable  for  many  months. 
Similarily,  the  new  distribution  has  remained 
unchanged  as  of  the  latest  observations 
which  were  made  late  in  December  1963. 

It  seems  quite  possible  that  a thorough 
analysis  of  this  event  will  reveal  the  true 
character  of  the  mechanisms  which  control 
the  behavior  of  trapped  protons. 

Simultaneous  with  the  proton  changes,  an 
intense  new  outer  zone  of  electrons  began 
to  form  with  a peak  intensity  at  L = 3.2 
earth  radii.  In  addition  to  the  relatively 
energetic  electrons  in  the  outer  zone,  a high 
intensity  of  low  energy  (less  than  0.7  Mev) 
electrons  appeared  in  a wide  region  of  space. 
Immediately  after  the  event,  the  unidirec- 


tional intensity  of  electrons  with  energies 
greater  than  0.45  Mev  at  a radial  distance 
of  2.0  earth  radii  was  greater  than  3 X 10® 
sec-1  cm-2  steradiam1  from  L = 4.0  down  to 
at  least  L = 2.0.  Referring  to  Figure  7-12, 
the  contour  corresponding  to  logi0  (j  = 
6.5  apparently  moved  outward  by  over  two 
earth  radii.  Unfortunately  very  little  data 
was  taken  from  the  Relay  I radiation  detec- 
tors after  this  event  (except  from  detector 
A,  which  is  on  continuously)  until  December 
by  which  time  the  anomalous  low  energy 
electron  intensities  had  undergone  consider- 
able decreases. 

INTEGRATED  FLUXES 

The  Explorer  XV  data  has  been  used  to 
construct  a computer  program*  which  can 
be  used  to  determine  the  omnidirectional 
fluxes  of  three  categories  of  particles  which 
were  present  at  arbitrary  locations  in  space 
on  January  1,  1963.  This  program  has  been 
used  to  obtain  the  total  flux  of  these  particles 
striking  the  Relay  I satellite  over  8 complete 
revolutions  (1.02  days)  for  40  different  days 

*McIlwain,  C.  E.,  The  radiation  belts,  natural  and 
artificial,  Science,  1A2,  355-361,  1963. 


Figure  7-21.— Contours  of  constant  counting  rates. 
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iistributed  throughout  1963.  An  examina- 
;ion  of  these  results  reveals  two  important 
facts:  (1)  the  total  flux  per  day  varies 
smoothly  from  day  to  day,  (2)  the  total 
flux  per  day  for  each  category  of  particles  is 
a unique  function  of  the  latitude  of  perigee 
(assuming  no  changes  of  particle  intensities 
with  time).  The  dependence  of  the  daily 
fluxes  of  particles  upon  the  latitude  of  peri- 
gee, shown  in  Figure  7-22,  can  therefore  be 
used  (along  with  the  known  variation  of  the 
latitude  of  perigee  with  time)  to  determine 
the  daily  fluxes  as  a function  of  time  as  is 
shown  in  Figure  7-23.  The  relative  differ- 
ences in  the  curves  are  of  course  due  to  the 
different  spatial  distributions  of  the  par- 
ticles. It  is  interesting  to  note  that  the 
daily  fluxes  of  protons  with  energies  greater 
than  1.1  Mev  would  be  peaked  at  the  times 
that  the  daily  fluxes  40  to  110  Mev  protons 
are  a minimum. 

Data  from  a detector  on  the  INJUN  3* 
indicates  that  the  flux  of  40  to  110  Mev  pro- 
tons did  not  vary  importantly  during  the 
first  eight  months  of  1963  and  the  Relay  I 
data  indicates  that  the  daily  fluxes  of  elec- 


trons were  no  more  than  a factor  of  three 


Figure  7-22. — Total  omnidirectional  fluxes  of  several 
categories  of  trapped  radiation. 

* Valerio,  John,  Protons  from  40  to  110  Mev  ob- 
served on  Injun  3,  J.  Geophys.  Research  69,  No.  23, 
4949-4958. 


Figure  7-23,— Daily  average  omnidirectional  intensities  vs.  time. 
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lower  at  the  end  of  1963  than  at  the  time 
of  the  Explorer  XV  measurements. 

The  curves  in  Figure  7-23  have  been  inte- 
grated over  the  first  year  after  the  launch 
of  Relay  I.  The  resulting  average  fluxes  per 
day  were  found  to  be: 

(1)  (2.111)  X 1012  electrons  (E 

> 0.5  Mev)  cm*2  day*1 

(2)  (3.6i, ;f)  x 1010  electrons  (E 

> 5 Mev)  cm-2. day1 

(3)  (1.07  ± .15)  X 108  protons  (E 
— 40  to  110  Mev)  cm"2  day'1 

where  the  error  limits  correspond  to  the  sum 
of  all  possible  errors  and  the  maximum 
possible  changes  in  the  particle  intensities 
allowed  by  the  Relay  I measurements. 

Since  the  solar  cells  making  up  the  Relay 
I power  plant  were  shielded  by  about  0.4 
g/cm2  of  quartz,  which  can  be  penetrated 
by  protons  with  energies  greater  than  about 
17  Mev,  it  is  of  interest  to  anticipate  the 
result  of  a proper  integration  of  the  data 
obtained  by  detector  C.  A comparison  of 
the  bottom  two  curves  of  Figure  7-20  and 
similar  curves  for  other  latitudes  leads  to 
the  estimate  that  the  average  flux  of  proton 
with  energies  greater  than  18.2  Mev  is  a 
factor  of  10  ± 2,5  larger  than  the  average 
flux  of  40  to  110  Mev  protons.  This  flux  of 
(1,1  ± .3)  x 10®  protons  ( E > 18,2  Mev) 
cnrMay1  appears  to  be  adequate  to  produce 
the  observed  solar  cell  radiation  damage 


(Waddel,  private  communication).  For  i 
on-p  solar  cells  this  average  omnidirectiom 
flux  of  protons  produces  radiation  damag 
equivalent*  to  a beam  of  one  Mev  electron: 
at  normal  incidence  with  a flux  of  (2,0  ±.  .6) 
X 1012  cm'-’day1.  By  comparison,  the  aver- 
age electron  spectrum  implied  by  the  data 
above,  when  weighted  by  the  energy  depend- 
ence of  the  electron  damage  to  n-on-p  type 
solar  cells  under  0.4  g/cm2  of  quartz*  indi- 
cates that  the  average  damage  due  to  elec- 
trons was  equivalent  to  a beam  of  only 
(0.6  ± .4)  X 1012  one  Mev  electrons  cnr2- 
day1.  These  calculations  therefore  indicate 
that  three  quarters  (.77  ± .17)  of  the  dam- 
age to  the  solar  cells  protected  by  0.4  g/cm2 
of  quartz  was  probably  produced  by  protons. 
The  measured  energy  spectra  of  electrons 
and  protons  are  such  that  as  the  shielding 
is  reduced  below  0.4  g/cm2  the  fraction  of 
the  damage  produced  by  protons  rapidly  ap- 
proaches unity. 

Detector  A is  connected  to  a large  register 
which  is  not  reset  after  each  reading  and 
which  accumulates  22!>  — 5.37  X lb8  counts 
before  overflowing.  The  counts  in  this  regis- 
ter can  therefore  be  used  to  determine  the 
total  number  of  detector  A counts  per  day. 
Some  300  measurements  of  this  kind  are 
show  in  Figure  7-24.  Since  the  detector  was 

♦Brown,  W.  L.,  J.  D.  Gabbe,  and  W.  Rosenzweig, 
Results  of  the  Telstar  radiation  experiments.  Bell 
Syst.  Tech.  J.,  .92,  Nov.  4,  part  2,  1505-1957,  1963. 


Figure  7-24.— Total  counts  per  day  registered  by  detector  A. 
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not  designed  to  properly  measure  the  high 
intensities  of  artificially  injected  electrons, 
the  dead  time  corrections  necessary  are  rela- 
tively large.  The  average  correction  factor 
for  a day’s  accumulation  of  counts  depends 
upon  how  the  counts  were  obtained.  For 
example,  a given  number  of  counts  obtained 
in  a short  time  requires  a larger  correction 
factor  than  the  same  number  of  counts  ob- 
tained in  a longer  period  of  time.  The  de- 
tailed rates  of  accumulation  as  predicted  by 
the  Explorer  XV  data  has  been  used  to 
calculate  the  desired  average  correction  fac- 
tor in  a manner  which  is  relatively  inde- 
pendent of  the  variations  in  the  detector  A 
efficiency  with  time.  The  resulting  calculated 
values  for  the  true  number  of  counts  per 
day  is  shown  in  the  upper  curve  of  Figure 
7-24.  Except  for  the  times  where  the  num- 
ber of  counts  per  day  exceeds  1.5  X 10®,  this 
curve  is  probably  accurate  to  within  15  per- 
cent. For  comparison,  the  computed  intensity 
of  electrons  greater  than  5 Mev  (see  Figure 
7-23)  multiplied  by  0.02  X exp  (—day  of 
year/365)  is  shown  in  the  bottom  curve. 
After  day  121  (May  1)  it  can  be  seen  that 
the  number  of  true  counts  per  day  was 
slowly  decreasing  but  with  a time  constant 
of  greater  than  one  year.  Since  these  daily 
counting  rates  are  largely  due  to  electrons 
it  must  be  remembered  that  after  May  1, 
the  effective  discrimination  level  was  in  a 
region  of  the  electron  pulse  height  distribu- 
tion where  a 2 percent  change  in  discrimina- 
tion level  would  produce  a change  in  counting 
rate  of  at  least  10  percent  and  probably 


about  20  percent.  The  apparent  decrease  in 
the  daily  number  of  counts  can  therefore  be 
used  only  to  indicate  that  there  was  no  large 
change  (i.e.,  larger  than  a factor  of  two) 
in  the  high  energy  electron  fluxes  between 
May  1 and  December  10,  1963  and  to  indi- 
cate that  the  effective  gain  of  the  detector 
has  been  relatively  stable  since  May  1,  1963. 

SUMMARY 

The  highest  electron  intensities  are  found 
around  the  magnetic  equator  at  radial  dis- 
tances between  1.2  and  1.6  earth  radii.  The 
Relay  I data  shows  that  intensities  measured 
earlier  in  this  region  by  Explorer  XV  per- 
sisted throughout  the  year  of  1963  and  did 
not  decay  by  more  than  a factor  of  three. 

The  spatial  distribution  of  protons  in  four 
different  energy  ranges  has  been  determined 
and  found  to  depend  strongly  upon  energy. 
The  proton  intensities  at  L values  greater 
than  2.0  earth  radii  were  observed  to  de- 
crease during  a large  magnetic  storm.  At 
all  other  times  the  proton  fluxes  exhibited 
no  important  changes  with  time. 

The  integrated  fluxes  of  various  particle 
types  along  the  Relay  I orbit  have  been  com- 
puted and  are  found  to  be  adequate  to  ex- 
plain the  observed  degradation  of  solar  cells. 

Authors.  This  chapter  was  written  by  C. 
E.  McIlwain,  R.  W.  fillius,  J.  Valerio, 
and  A.  Dave  of  the  University  of  California 
( San  Diego),  LaJolla,  California,  U.S.A.  un- 
der contract  NASr-116  from  NASA  Head- 
quarters. 
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The  Relay  I 

Radiation  Effects  Experiment 
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Solar  cells  on  Relay  I were  monitored  for  radiation  damage  by  measurement  of 
short  circuit  current.  The  orbit  was  1321  km  perigee,  7439  km  apogee,  47.5  degrees 
inclination.  Unshielded  N/P,  P/N,  and  gallium  arsenide  cells  degraded  in  10  days 
to  52%,  28%,  and  18%,  respectively.  This  damage  is  ascribed  to  low  energy  protons. 
At  300  days  silicon  N/P  and  P/N  cells,  shielded  with  30  mils  of  fused  silica,  had 
degraded  to  73%  and  53%,  respectively.  At  300  days  silicon  N/P  and  P/N  cells, 
shielded  with  60  mils  of  fused  silica,  had  degraded  to  80%  and  61%,  respectively. 
Available  space  flux  maps  predicted  somewhat  greater  damage  to  the  heavily  shielded 
cells,  from  either  electrons  or  high  energy  protons,  than  that  observed.  The  minority 
carrier  lifetime  of  some  1N645  silicon  diodes  declined  to  50%  in  about  45  days. 


INTRODUCTION 

Objectives 

Numerous  experiments  have  shown  the 
presence  of  energetic  electrons  and  protons 
trapped  by  the  earth’s  magnetic  field  at  high 
altitudes.  The  center  of  the  “inner  belt”  of 
such  particles  is  at  an  altitude  of  about  0.5 
earth  radii,  over  the  magnetic  equator. 
These  electrons  and  protons  damage  semi- 
conductor devices  directly,  and  through  the 
x-rays  generated  when  the  electrons  are  de- 
celerated. Solar  cells,  widely  used  on  space- 
craft to  convert  sunlight  to  electric  power, 
are  particularly  vulnerable.  To  function  they 
must  be  situated  in  exposed  positions  and 
they  can  be  shielded  by  only  moderate 
amounts  of  transparent  materials. 

It  is,  therefore,  of  considerable  interest  to 
observe  the  radiation  damage  sustained  by 
various  types  of  solar  cells  with  various 


shields,  on  an  orbiting  body.  Such  experi- 
ments provide  direct  empirical  engineering 
information,  useful  in  the  design  of  solar 
power  supplies  for  satellites  with  similar 
orbits.  Further,  they  allow  a test  of  the 
state-of-the-art  through  comparison  of  ob- 
served damage  and  that  predicted  from  lab- 
oratory damage  studies  and  a knowledge  of 
the  character  of  the  trapped  particles. 

It  is  the  purpose  of  this  report  to  describe 
such  a satellite  radiation  damage  experiment, 
to  compare  the  results  with  predictions  based 
on  various  information  sources  and  with 
other  satellite  damage  experiments. 

Orbit  Parameters 

The  Relay  satellite  was  launched  from 
Cape  Kennedy  on  1962y,  347d,  23h,  30m,  01s 
GMT.  It  carried  wideband  relay  communica- 
tions equipment,  radiation  measuring  de- 
vices, and  the  radiation  effects  experiment 
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herein  reported.  Final  stage  burnout  and 
nominal  injection  in  orbit  occurred  on  1962y, 
347d,  23h,  49m,  06s  GMT.  For  convenience  in 
this  report  the  zero  for  “time  in  orbit”  has 
been  taken  as  1962y,  348d,  00h,  00m,  00s.  It  is 
believed  that  no  significant  radiation  damage 
effects  occured  before  this  time. 

Table  8-1  shows  some  of  the  orbit  char- 
acteristics. It  is  seen  that  perigee  and  apogee 
are  such  that  the  spacecraft  is  subjected  to 
the  radiations  of  the  “inner  belt.” 

Table  8-1. — Orbit  Parameters  of  Relay  I 


Apogee -7439  KM 

= 4001  NM 
= 1.17  Re 

Perigee =1321  KM 

=713  NM 
=0.21  Re 

Inclination - - . _ - - ^ _ — 47.5  degrees 

Pe  iod , — — - - 185.1  minutes 

=3.085  hours 

Eccentricity _ _ — _ - - =0.285 

Maximum  latitude ----- _ _ = 47 .62  degrees 


APPARATUS 

The  satellite  devices  concerned  with  the 
radiation  effects  experiment  are  the  radia- 
tion damage  panel,  the  radiation  effects  cir- 
cuitry box,  and  the  solar  aspect  indicator. 

Radiation  Damage  Panel 

The  devices  subjected  to  radiation  damage 
are  listed  in  Table  8-2.  They  were  mounted 
on  the  surface  of  a “damage  panel”  attached 
to  the  skin  of  the  satellite.  The  panel 
“looked”  perpendicularly  to  the  spin  axis. 


Table  8-2. — Radiation  Damage  Sensors 


Device 

No. 

Type 

Shield,  mils 

Solar  Cell 

3 

P/N 

0 

u u 

3 

P/N 

30 

u u 

3 

P/N 

60 

u « 

3 

N/P 

0 

a u 

3 

N/P 

30 

u u 

3 

N/P 

60 

u u 

3 

REV 

0 

a u 

3 

REV 

30 

a u 

3 

REV 

60 

a u 

3 

GaAs 

0 

Diode 

6 

1N645 

0 

Four  types  of  solar  cells  bearing  shields 
of  three  thicknesses  were  used.  Also,  meas- 
urements were  made  in  triplicate. 

The  diodes  used  were  IN645  silicon  diodes, 
manufactured  by  the  Texas  Instrument  Com- 
pany. They  were  diffused  power  rectifiers 
with  a peak  inverse  rating  of  225  volts  and 
an  average  forward  current  of  400  ma.  The 
glass  envelope  constitutes  a shield  of  about 
20  mils  thickness.  This  diode  type  has  been 
widely  used  in  exposed  positions  on  solar 
panels  as  a reverse  current  blocking  device. 
It  also  happens  to  have  a relatively  long 
minority  carrier  lifetime,  which  simplified 
the  associated  circuitry.  The  diodes  used 
were  selected  for  long  carrier  lifetime,  which, 
initially  ranged  from  11.5  to  16.5  microsec- 
onds. 

As  shown  in  Figure  8-1,  the  solar  cells  and 
diodes  were  mounted  on  a 4.0  inch  by  5.3 
inch  by  1/8  inch  aluminum  panel,  for  tem- 
perature uniformity.  Eight  thermistors  were 
imbedded  in  the  panel  for  temperature  deter- 
mination, since  both  solar  cell  and  diode 
responses  were  temperature  sensitive.  An 
enclosure  attached  to  the  back  of  the  panel 
carried  the  solar  cell  load  resistors  and  cir- 
cuitry for  energizing  the  thermistors  and  for 
providing  a mid-scale  calibration  signal  of 
100  mv. 

The  solar  cells  were  insulated  from  the 
panel.  The  shields  were  of  Corning  Type 
7940  clear  fused  silica,  of  density  2.20  grams 
per  cm2.  This  shield  material,  and  the  pro- 
prietary transparent  adhesive,  are  very  re- 
sistant to  darkening  under  irradiation. 

Silicon  solar  cells  of  the  P/N  (P  on  N) 
and  N/P  types  carried  on  the  damage  panel 
have  been  widely  used  in  satellite  solar  power 
supplies.  The  gallium  arsenide  cells  are  not 
considered  commercially  available  yet  but,  on 
a theoretical  basis,  have  shown  promise  of 
high  efficiency  and  high  radiation  damage 
resistance. 

The  “REV”  (for  “reversed”)  cells  of 
Table  8-2  were  devised  and  included  in  order 
to  have  some  cells  on  board  that  were  par- 
ticularly susceptible  to  radiation  damage, 
since  an  uncertainty  of  several  orders  of 


Figure  8-1. — Radiation  damage  panel,  front. 


magnitude  existed  in  the  damage  effects  to 
be  expected  in  orbit.  These  cells  were  of  sili- 
con, with  a front  (illuminated)  layer  about 
one  diffusion  length  thick.  On  theoretical 
grounds,  such  a cell,  while  of  low  efficiency, 
should  be  susceptible  to  damage.  This  is 
because  radiation  damage  shortens  minority 
carrier  lifetime  and  diffusion  length,  leaving 
carrier  pairs  generated  near  the  surface  (by 
photon  absorption)  at  a distance  from  the 
junction  greater  than  a diffusion  length,  and 
therefore  unavailable  externally. 

In  order  that  cells  of  a given  type  be  uni- 
form in  characteristics,  they  were  cut  from 
the  same  crystal  ingot  and  processed  to- 
gether. They  were  then  further  selected  for 
uniformity  on  a basis  of  spectral  response 
and  efficiency.  It  is  believed  that  the  silicon 


P/N  and  N/P  cells  used  are  representative 
of  the  central  part  of  the  distribution  of 
commercial  cells  of  these  types.  Both  were 
of  nominal  1 ohm-cm  base  resistivity. 

The  condition  of  the  solar  cells  was  judged 
by  noting  the  currents  furnished  to  low 
resistance  loads.  The  use  of  short  circuit 
current  in  evaluating  radiation  damage  is 
common.  However,  some  laboratory  damage 
experiments  have  shown  that  such  a meas- 
urement does  not  always  accurately  reflect 
the  power  generating  capability  of  some 
types  of  cells  after  damage  by  low  energy 
radiations. 

The  load  resistors  were  individually  ad- 
justed for  each  cell  to  give  an  expected 
output  of  160  mv  under  normal  space  illu- 
mination. 
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The  damage  panel  weighed  1.02  pounds, 
occupied  15.7  cubic  inches,  and  required  0.54 
watts. 


Radiation  Effects  Circuitry 

Figure  8-2  shows  a block  diagram  of  the 
circuitry  used  in  determining  the  minority 
carrier  lifetime  of  IN645  diodes  by  the 
“injection-extraction”  method.*  Radiation 
damage  to  a semi-conductor  diode  reduces 
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Figure  8-2.— Radiation  effects  circuitry. 


this  lifetime  and  causes  an  associated  deteri- 
oration in  both  forward  and  reverse  con- 
duction characteristics.  As  indicated  by  the 
waveform  in  Figure  8-2,  the  circuitry  peri- 
odically establishes  forward  conduction  at 
1.3  ma  in  the  diodes.  This  is  followed  by  the 
application  of  a reverse  voltage  of  such  value 
and  at  such  impedance  level  that  the  charac- 
teristic flat-topped  reverse  current  transient 
is  also  1.3  ma.  The  duration  of  the  flat- 
topped  pulse  is  proportional  to  minority 
carrier  lifetime.  When  forward  and  re- 
verse currents  are  equal  the  lifetime  is  very 
nearly  four  times  the  pulse  duration.  As 
indicated  by  Figure  8-2,  the  diode  circuitry, 
after  supplying  the  forward  and  reverse  con- 
duction conditions,  provides  an  analog  telem- 
etry signal  proportional  to  the  pulse  dura- 
tion. This  circuitry  weighed  1.4  pounds, 


occupied  67.5  cubic  inches,  and  required  1.15 
watts. 


Solar  Aspect  Indicator 

The  condition  of  the  experimental  solar 
cells  is  judged  by  measuring  their  short 
circuit  current  under  some  standard  environ- 
mental condition.  The  standard  illumination 
source  here  is  the  sun,  at  normal  incidence 
and  at  its  mean  distance  from  the  Earth. 
The  actual  angle  of  incidence  is  measured  by 
a solar  aspect  indicator,  whose  readings  are 
later  used  to  correct  the  outputs  from  the 
solar  cells  to  normal  illumination,  using  cor- 
rection data  determined  in  the  laboratory. 
In  obtaining  this  aspect  calibration  informa- 
tion, the  sun  was  used  as  a source,  sky-light 
being  excluded  by  a 6-foot  collimator. 

A photograph  of  the  aspect  sensor  is 
shown  as  Figure  8-3.  In  principle,  it  con- 
sisted of  an  arrangement  of  narrow  slits  and 


Figure  8-3. — Solar  aspect  indicator. 


*Lax,  Benjamin,  and  Neustadter,  S.  F.,  “Transient 
Response  of  a p-n  Junction,”  J.  Applied  Physics  25 
(9) : 1148-1154,  September,  1954. 
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associated  light  sensitive  photo-resistors.  At 
a given  angle  of  illumination  a unique  com- 
bination of  photo-resistors  was  energized.* 
These  controlled  six  flip-flops  whose  states 
indicated,  through  a six  bit  binary  word  in 
the  Gray  code,  the  solar  aspect  angle.  The 
angular  resolution  was  about  3 degrees,  and 
the  range  was  from  plus  80  to  minus  80 
degrees.  The  weight  was  0.52  pounds,  the 
volume  was  16.8  cubic  inches,  and  the  power 
requirement  was  0.075  watts. 

RESULTS 

Telemetry  and  Data  Processing 

The  data  concerning  the  radiation  effects 
apparatus  and  other  satellite-bourne  devices 
was  transmitted  to  ground  by  a 9 bit  word 
PCM  telemetry  system  that  would  accept 
digital  inputs  (as  from  the  aspect  sensor), 
zero  to  5 volt  analog  signals  (as  from  the 
thermistors),  and  zero  to  200  millivolt  ana- 
log signals  (as  from  the  solar  cells).  The 
word  rate  was  128  per  second.  This  allowed 
100  successive  samplings  of  a given  solar  cell 
in  100/128  second.  Because  of  the  satellite 
spin  rate  at  least  two  maxima  in  the  solar 
cell  output  were  observable  in  this  interval. 
These  maxima,  when  corrected  to  zero  solar 
aspect  angle,  to  mean  solar  distance,  and  to 
25°C,  indicated  the  condition  of  the  solar  cell. 

The  aspect  angle  variations  are  shown  in 
Figure  8-4.  This  angle  never  exceeded  11 
degrees.  The  associated  solar  cell  corrections 


Figure  8-4. — Relay  I solar  aspect  vs.  time. 


were  not  greater  than  2 percent.  Tempera- 
tures at  times  when  data  was  taken  ranged 
from  2°C  to  28 °C.  The  maximum  associated 
cell  correction  was  less  than  3 percent  for 
most  of  the  cells.  The  maximum  correction 
for  solar  distance  was  about  3.5  percent. 

A suitable  computer  program  selected  the 
maximum  value  (during  spacecraft  spin)  of 
a cell  output  from  the  telemetry  recording 
and  corrected  it  for  telemetry  zero  shift, 
telemetry  gain  change,  cell  temperature, 
aspect  angle,  and  solar  distance.  Six  such 
responses  of  a given  cell  were  read  from  the 
printed  record,  normalized  with  respect  to 
the  initial  undamaged  value,  averaged,  and 
then  averaged  with  the  results  from  the 
other  two  cells  of  the  same  type  and  shield. 
Thus,  each  final  data  point  for  a given  cell 
type  at  a given  time  represents  18  observa- 
tions. 

The  telemetered  voltage  signals  from  the 
six  diodes  on  the  damage  panel  were  cor- 
rected for  telemetry  and  temperature  effects, 
converted  to  pulse  length  through  a some- 
what non-linear  calibration  function,  and 
normalized  with  respect  to  initial  undam- 
aged values. 

Solar  Cell  Damage 

Tables  8-3,  8-4,  and  8-5  show  relatively 
raw  data  from  some  of  the  solar  cells  to 
indicate  the  consistency  of  the  results.  It  is 
evident  that  the  three  cells  of  a given  type 
and  shield  deteriorated,  in  general,  in  a simi- 
lar way.  Exceptions  are  the  N/P,  60  (N  on 
P,  60  mils  shield)  cell  17  which  suffered  a 
catastrophic  drop  in  output,  between  45  and 
49  days  in  orbit.  The  data  from  this  cell  was 
not  used  in  computing  the  average  behavior 
of  the  N/P,  60  cells  after  this  sudden  change 
in  characteristics.  The  gallium  arsenide  cell 
29  had  a low  initial  output  but  degraded  in 
a regular  manner. 

Figure  8-5  shows  the  normalized,  cor- 
rected short  circuit  current  signals  from  the 

*Albus,  J.  S„  and  Schaefer,  D.  H.,  “Satellite  Atti- 
tude Determination:  Digital  Sensing  and  On-Board 
Processing,”  NASA-GSFC  Document  X-631-63-133, 
July,  1963. 
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Table  8-3. — P/N  Silicon  Solar  Cell  Load  Voltages  for  Various  Times 


Orbit  time 
(days) 

Cell  1 
P/N,  0 
(mv) 

Cell  2 
P/N,  0 
(mv) 

Cell  3 
P/N,  0 
(mv) 

Cell  7 
P/N,  0 
(mv) 

Cell  8 
P/N,  0 
(mv) 

Cell  9 
P/N,  0 
(mv) 

0.020 

164 

158 

157 

161 

160 

159 

0.083 

107 

103 

103 

159 

158 

158 

0.185 

94 

89 

90 

157 

157 

157 

0.448 

72 

72 

72 

160 

161 

161 

0.860 

68 

65 

65 

159 

159 

159 

12.8 

43 

41 

42 

133 

136 

136 

45.5 

39 

37 

38 

117 

122 

121 

93.0 

36 

34 

34 

106 

111 

109 

148. 

33 

31 

31 

101 

104 

103 

312. 

26 

24 

25 

93 

98 

96 

Table  8-4.' — N/P  Silicon  Solcvr  Cell  Load  Voltages  for  Various  Times 


Orbit  time 
(days) 

I 

Cell  10 
N/P,  0 
(mv) 

Cell  11 
N/P,  0 
(mv) 

Cell.  12 
N/P,  0 
(mv) 

Cell  16 
N/P,  60 
(mv) 

Cell  17 
N/P,  60 
(mv) 

Cell  18 
N/P,  60 
N 

0.020 

160 

163 

174 

166 

163 

169 

0.083 

148 

146 

157 

165 

161 

167 

0.185 

142 

140 

150 

164 

161 

166 

0.448 

117 

115 

124 

162 

160 

164 

0.860 

106 

103 

111 

161 

156 

163 

12.8 

85 

80 

88 

158 

155 

161 

45.5 

59 

62 

65 

152 

149 

153 

93. 

42 

46 

47 

143 

8 

145 

148. 

25 

28 

27 

139 

7 

140 

312. 

13 

15 

17 

131 

3 

134 

Table  8-5. — Gallium  Arsenide  Solcvr  Cell  Load 
Voltages  for  Various  Times 


Orbit 

time 

(days) 

Cell  28 
GaAs,  0 
(mv) 

Cell  29 
GaAs,  0 
(mv) 

Cell  30 
GaAs,  0 
(mv) 

0.020 

160 

95 

159 

0.083 

144 

87 

137 

0.185 

130 

82 

121 

0.448 

111 

73 

102 

0.860 

85 

63 

71 

12.8 

22 

26 

20 

45.5 

25 

24 

21 

93. 

22 

18 

16 

148. 

16 

13 

12 

312. 

2 

2 

2 

silicon  and  gallium  arsenide  cells  as  a func- 
tion of  time  in  the  log-linear  coordinates 
often  used  in  this  field.  The  uncertainty  bars 


are  plus  and  minus  one  percent  of  full  scale 
in  length,  and  the  curves,  in  general,  can  be 
passed  through  the  bars  without  effort.  Cer- 
tain features  invite  comment. 

The  damage  plateaus  shown  by  the 
shielded  cells  from  about  70  to  100  days  are 
very  probably  real.  The  steep  drop  in  the 
N/P,  0 cells  around  135  days  was  present  in 
all  three  cells  of  this  type,  and  must  be  real. 
The  early  data  for  the  unshielded  cells  show 
that  they  suffered  large  damage  during  the 
first  orbit  (an  orbit  is  about  0.13  days). 
Gaps  in  the  data  are  due  to  the  satellite  being 
out  of  range  of  the  ground  stations,  or  the 
experiment  not  being  commanded  ON.  The 
gap  between  1 and  i2  days  is  due  to  satellite 
malfunction.  Lacking  data,  the  curves  be- 
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tween  0.02  and  0.8  days,  and  between  0.9 
days  and  13  days  are  simply  drawn  in  a 
smooth,  but  arbitrary,  manner. 

Figure  8-6  shows  the  same  information 
as  Figure  8-5  but  on  a linear  time  scale.  The 
curves  of  this  Figure  are  drawn  closer  to  the 
data  points  than  they  were  in  Figure  8-5. 
There  is  a strong  suggestion  of  damage  steps 
for  the  shielded  cells  near  130  days,  con- 
firmed by  the  additional  data  for  the  P/N, 
30  cells  near  this  time..  Another  apparent 
step  occurs  near  200  days.  A non-uniform 
irradiation  rate  is  indicated. 

Table  8-6  shows  numerical  values  of  the 
relative  responses  from  the  silicon  and  gal- 
lium arsenide  cells  at  various  times.  Some 
interpolation  and  extrapolation  is  here  nec- 
essary. Values  less  certain  are  in  paren- 
theses. 

Table  8-7  shows  the  orbit  times  at  which 
various  types  of  cells  fell  to  given  response 


levels.  Again  parentheses  indicate  less  cer- 
tain values.  The  75  percent  level  is  of  par- 
ticular interest,  since  the  associated  particle 
fluxes  or  orbit  times  have  been  widely  used 
in  comparing  solar  cells.  In  any  event,  the 
non-uniform  irradiation  rates  make  time 
only  an  approximate  measure  of  total  irra- 
diation, especially  for  the  bare  cells  during 
the  first  day.  However,  all  cells  were  sub- 
jected to  the  same  flux  with  a high  degree 
of  uniformity,  so  that  cells  can  be  compared 
at  given  times  with  considerable  confidence, 
especially  if  the  observation  is  made  at  or 
near  a data-taking  time. 

Figure  8-7  shows  the  results  obtained 
from  the  “reversed,”  presumably  highly 
susceptible  solar  cells.  Their  behavior  is 
obviously  anomalous.  They  show  initial  in- 
creases in  relative  response  before  they 
eventually  fall.  The  responses  suggest  that 
there  is  an  “annealing”  action  by  some 


Table  8-6. — Percent  Initial  Short  Circuit  Current  for  Various  Solar  Cells  at  Given  Times 


Orbit  time 
(days) 

P/N,  0 1 

(%) 

P/N,  30 
(%) 

P/N,  60 
(%) 

j 

N/P,  0 
(%) 

NP/,  30 
(%) 

N/P,  60 
(%> 

GaAs,  0 
(%) 

0.01 

! 

100 

100 

100 

j 

100 

100 

100 

100 

0.03 

95 

100 

100 

98 

100 

100 

96 

0.1 

66 

100 

100 

91 

100 

100 

98 

0.3 

(49) 

98 

99 

(76) 

100 

100 

(72) 

1. 

40 

95 

96 

63 

99 

99 

50 

3. 

(34) 

(90) 

(93) 

(57) 

(97) 

(98) 

(27) 

10. 

28 

84 

87 

52 

95 

96 

18 

30. 

25 

76 

79 

45 

91 

94 

18 

100. 

21 

61 

67 

25 

80 

85 

15 

300. 

16 

53 

61 

9 

73 

70 

2 

1000. 

(9) 

(45) 

(51) 

(0) 

(66) 

(70) 

(0) 

Table  8-7. — Times  in  Orbit  at  Which  Various  Solar  Cells  Fell  to  Given  Percent  Initial  Values 


Output 

(%) 

P/N,  0 
(days) 

P/N,  30 
(days) 

P/N,  60 
(days) 

N/P,  0 
(days) 

N/P,  30 
(days) 

N/P,  60 
(days) 

GaAs,  0 
(days) 

90 

(0.033) 

(3.2) 

(5.7) 

0.14 

34 

50 

(0.06 

75 

(0.044) 

32 

47 

0.33 

197 

(480) 

0.25 

60 

0.17 

128 

300 

(1.6) 

(1800) 

(4000) 

0.66 

50 

(0.28) 

(470) 

(1200) 

17 

(7200) 

(18000) 

1 

CORRECTED  SHORT  CIRCUIT  CURRENT,  PERCENT  INITITAL 


458 


RELAY  I— PART  II 


TIME  IN  ORBIT,  OAYS 

Figure  8-7. — Response  of  reversed  cells  vs.  time. 

aspect  of  the  environment  which  is  finally 
overpowered  by  a damage  mechanism  which 
is  retarded,  as  shown,  by  the  shields  of  in- 
creasing thickness.  In  any  event,  these  cells 
hardly  served  their  intended  purpose. 

Diodes 

The  normalized  diode  pulse  length  (or 
minority  carrier  lifetime)  versus  time  is 
shown  in  Figure  8-8  for  several  of  the 


Figure  8-8. — Diode  carrier  lifetime  vs.  time. 


diodes,  together  with  the  responses  from 
the  P/N,  0 and  P/N,  60  solar  cells.  Curves 
for  several  of  the  diodes  are  not  shown  be- 
cause they  are  practically  identical  with 
those  given  in  Figure  8-8.  While  the  diode 
data  is  limited  in  amount  and  in  dynamic 
range,  an  initial  steep  damage  rate,  inter- 
mediate between  the  P/N,  0 and  P/N,  60 
solar  cells,  is  evident. 

DISCUSSION 

Merits  of  Various  Cell  Types 

Figure  8-5  and  8-6  indicate  that  the  order 
of  merit  of  the  shielded  cells  is  N/P,  higher, 
and  P/N,  lower.  The  unshielded  cells,  judged 
while  their  relative  responses  are  above  50 
percent,  have  the  order  N/P,  GaAs,  and  P/N. 
It  must  be  remembered  that  this  comparison, 
and  others  to  follow,  is  influenced  by  the 
character  of  the  radiations  present  in  the 
Relay  orbit. 

It  may  be  determined  from  Figures  8-5 
and  8-6  that  the  N/P,  60  cells  last  10  times 
longer  than  the  P/N,  60  cells,  when  judged 
at  the  75  percent  level.  Further,  the  N/P,  30 
cells  last  5.9  times  longer  than  the  P/N,  30 
cells.  The  degradation  of  the  bare  cells  is  so 
rapid  and  the  early  irradiation  rate  is  so 
non-uniform  that  making  numerical  com- 
parisons among  them  is  scarcely  meaningful. 
It  is  apparent  that  the  N/P,  0 and  the  GaAs, 
0 cells  behave  quite  similarly  down  to  the 
70  percent  level,  with  several  odd  changes  in 
order  of  merit  among  the  bare  cells  at  large 
degradations.  The  GaAs  cells  do  not  show 
the  expected  superiority  over  silicon  cells 
under  the  conditions  of  this  experiment, 
using  bare  cells  and  short  circuit  current  as 
a measure  of  merit. 

Merits  of  Shields 

Figures  8-5  and  8-6  show,  at  the  75  per- 
cent response  level,  that  the  N/P,  60  cells 
last  about  2.3  times  longer  than  the  N/P,  30 
cells.  The  P/N,  60  cells  last  about  1.4  times 
longer  than  the  P/N,  30.  Thus,  for  both 
types,  doubling  the  weight  of  shield  material 
(which  contributes  materially  to  the  total 
spacecraft  weight)  only  extends  life  (at  the 
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75  percent  level)  by  about  2 times.  This 
same  life  extension  could  be  attained  by 
using  an  additional  5 percent  of  the  less 
heavily  shielded  cells. 

The  useful  lifetime  of  the  unshielded  cells 
its  so  short  as  to  prohibit  their  use  in  space- 
craft in  this  type  of  orbit.  It  is  apparent 
that  even  a 30  mil  shield  increases  the  use- 
ful lifetime  of  the  bare  silicon  cells  by  a 
factor  of  about  600. 

Solar  Cell  Damage  Predictions 

Prediction  Methods 

Damage  to  solar  cells  by  trapped  radia- 
tions may  be  predicted  by  various  methods. 
The  empirical  approach  is  to  examine  the 
literature  to  find  a spacecraft  whose  orbit 
is  similar  to  the  one  of  interest  and  to  de- 
termine the  radiation  damage  it  sustained, 
either  in  its  main  solar  cell  power  supply 
or  in  some  damage  experiment  like  that 
reported  here.  This  method  is  necessarily 
approximate. 

Another  approach  that  might  be  attempted 
would  be  to  fully  determine  the  character  of 
the  semiconductor  materials  of  the  type  of 
solar  cell  of  interest,  the  nature  of  any  shield, 
and  the  character  of  the  radiations  to  be 
encountered  in  orbit.  The  damage  contrib- 
uted by  each  component  of  the  radiation 
would  then  be  calculated  from  fundamental 
physical  principles  and  the  power  output  at, 
say,  the  end  of  a given  time  in  orbit  would 
be  determined. 

This  method  would  require  a detailed 
space  map  of  particle  type,  intensity,  energy 
distribution,  and  angular  distribution,  with 
allowance  for  possible  variations  with  time. 
Such  maps  are  being  built  up,  but  the  accu- 
racy claims  are  still  very  modest.  Also  re- 
quired would  be  a method  of  calculating  how 
the  shield  material  alters  the  radiation  in 
intensity,  energy,  and  angular  distribution. 
These  matters  cannot  yet  be  calculated 
easily  or  accurately. 

The  composition  and  structure  of  the  solar 
cell  must  be  known,  and  the  number  and 
nature  of  the  lattice  defects  caused  by  the 
various  components  of  incident  radiation 


calculated,  together  with  their  influence  on 
the  efficiency  of  the  cell.  These  matters  in- 
volve the  frontiers  of  solid  state  physics. 

The  above  academic  approach,  while  de- 
sirable, is  not  yet  practicable. 

Of  several  approaches,  intermediate  be- 
tween the  extremes  noted  above,  the  follow- 
ing was  chosen. 

Bare  silicon  cells  similar  to  the  ones  used 
in  this  experiment  have  been  subjected  to 
well  controlled  radiation  damage  using  1 Mev 
electrons  and  4.6  Mev  protons  from  acceler- 
ators by  W.  R.  Cherry  and  L.  W.  Slifer.* 
The  short  circuit  current  was  monitored, 
with  the  cells  illuminated  by  a 2800 °K  tung- 
sten source,  filtered  by  3 cm.  of  distilled 
water.  The  intensity  was  comparable  with 
sunlight. 

The  above  information  on  damage  suscept- 
ibility will  be  combined  with  the  available 
knowledge  of  the  electron  and  proton  inten- 
sity (and,  to  some  extent,  energy)  distri- 
bution in  space.  This  information  will  come 
from  several  sources,  but  will  not  include 
data  obtained  by  the  radiation  measuring 
instruments  on  Relay.  A suitable  computer 
program  will,  in  effect,  carry  the  experiment 
through  the  trapped  particles,  computing 
the  accumulated  doses  for  a number  of  Relay 
orbits.  This  radiation  information  will  be 
modified  to  account  for  the  effect  of  the 
shielding.  The  result  of  combining  the  lab- 
oratory determined  damage  susceptibilities 
with  the  radiation  information  will  permit 
prediction  of  cell  damage. 

This  approach  has  its  weaknesses.  The 
cells  measured  in  the  laboratory  are  similar 
to,  but  not  identical  with  those  used  in  orbit. 
The  light  source  used  to  evaluate  the  labora- 
tory damage  is  different  in  spectral  energy 
distribution  from  sunlight.  This  causes  ap- 
parent damage  different  from  that  obtained 
in  orbit.  This  effect  depends  on  cell  type, 
and  nature  and  energy  of  the  particle  that 
did  the  damage.  It  is  being  investigated 


♦Cherry,  W.  R.,  and  Slifer,  W.  W.,  “Solar  Cell 
Radiation  Damage  Studies  with  1 Mev  Electrons 
and  4.6  Mev  Protons,”  NASA-GSFC  Document 
X-636-63-110,  May  27,  1963. 
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further.  The  laboratory  damage  studies  di- 
rected beams  of  particles  perpendicularly  to 
the  cell  surface  and  the  effect  of  oblique  irra- 
diation, which  occurs  in  space,  can  only  be 
estimated.  Interpolation  and  extrapolation 
of  the  laboratory  damage  data  will  be  re- 
quired. 

Concerning  the  space  maps  of  particle 
distribution,  these  are  being  assembled  and 
modified  as  more  information  becomes  avail- 
able. Data  on  energy  distribution  is  incom- 
plete. Finally,  the  maps  are  subject  to 
change  with  time  as  a result  of  natural  and 
man-made  disturbances.  In  view  of  the 
above,  approximate  prediction  of  damage  is 
all  that  can  be  expected. 

Uns/iie/c/ed  Silicon  Cells 

It  has  been  shown  that  bare  silicon  solar 
cells  are  damaged  by  either  electrons  or  pro- 
tons whose  energy  exceeds  a few  hundred 
kev.  A cursory  review  of  approximate  doses 
of  the  particle  fluxes  along  the  Relay  orbit 
indicated  that  low  energy  protons  would 
probably  be  the  predominant  cause  of  dam- 
age to  bare  silicon  cells.  Davis  and  William- 
son have  reported  a large  flux  of  protons  of 
energies  above  100  kev  centering  about  an 
equatorial  altitude  of  about  2.5  earth  radii.* 
The  measurements  were  made  on  Explorer 
XII.  The  Relay  orbit  penetrates  high  lati- 
tude parts  of  this  distribution. 

Davis  has  organized  this  data  into  a space 
map  of  protons  of  energies  above  100  kev, 
500  kev,  and  1000  kev,  and  integrated  the 
fluxes  over  the  first  eleven  hours  of  the  Relay 
path,  using  1 minute  steps.  The  resulting 
plots  are  shown  in  Figure  8-9.  Major  dam- 
age steps  at  about  three  hour  (one  orbit) 
intervals  are  evident.  An  accuracy  of  plus 
or  minus  fifty  percent  is  quoted. 

The  susceptibility  of  silicon  solar  cells  to 
proton  damage  is  known  to  be  relatively 
small  at  both  very  high  and  very  low  ener- 
gies. Baicker,  Faughnan,  and  Wysocki  have 
shown  that  the  susceptibility  is  a maximum 
around  1 Mev,  falling  rapidly  below  0.2  Mev 
and  slowly  above  1 Mev,  when  judged  by 
maximum  power  output  under  sunlight  illu- 


FlGURE  8-9. — Low  energy  proton  flex  vs.  time. 


mination.**  It  will  be  assumed  here  that  the 
damage  susceptibility  to  protons  is  zero  up 
to  0.5  Mev,  where  it  has  a maximum  value, 
and  above  which  it  falls  inversely  with  en- 
ergy. The  latter  characteristic  is  indicated 
by  both  theory  and  experiment,  for  energies 
up  to  about  100  Mev.  Thus,  the  Figure  8-9 
curve  for  proton  energies  equal  to  or  greater 
than  0.5  Mev  is  of  interest.  The  figure  indi- 
cates that  the  proton  population  falls  rapidly 
with  energy.  It  is  estimated  that  the  “energy 
center”  of  the  protons  whose  energy  is  above 
0.5  Mev  is  at  0.7  Mev.  Using  the  assumption 
that  the  damage  susceptibility  is  inverse  with 
energy,  we  then  multiply  the  ordinates  of  the 
0.5  Mev  curve  of  Figure  8-9  by  4.6/0.7  to 
obtain  the  number  of  equivalent  4.6  Mev 
protons  per  cm2  as  a function  of  time.  We 
then  use  the  Cherry  and  Slifer  4.6  Mev 
proton  damage  data  of  Figure  8-10  to  con- 
vert the  above  predicted  equivalent  4.6  Mev 
orbital  proton  fluxes  to  solar  cell  damage 
values.  The  result,  for  silicon  P/N  cells,  is 
shown  in  Figure  8-11,  together  with  data 
obtained  from  the  Relay  radiation  damage 
experiment. 

It  is  evident  that  the  predicted  values  of 


*Davis,  Leo  R.  and  Williamson,  James  M.,  “Low 
Energy  Trapped  Protons,”  NASA-GSFC  Document 
X-611-62-89,  May,  1962. 

** Baicker,  J.  A.,  Faughnan,  B.  W.,  and  Wysocki, 
J.  J.,  “Radiation  Damage  to  Silicon,”  Third  Semi- 
Annual  Report  on  Contract  NAS  5-457,  April  15, 
1962. 
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Figure  8-10. — Response  of  silicon  solar  cells  vs.  flux  of  protons. 


short  circuit  current  are  in  fair  agreement 
with  the  observed  values,  most  of  which  fall 
within  the  error  limits  associated  with  the 
50  percent  uncertainty  in  orbital  fluxes.  The 
predicted  values  are  systematically  higher 
than  the  observed  ones. 

The  time  structure  of  the  observed  damage 
is  correctly  predicted,  with  the  indication 
that  a damage  step  probably  occurred  near 
seven  hours,  but  was  not  observed.  It  may 
be  mentioned  that  damage  predictions  based 
on  high  energy  protons  and  on  electrons 
failed  to  account  for  the  magnitude  of  the 
damage  to  these  unshielded  cells  and  the 
predicted  damage  steps  occurred  at  the  wrong 
times. 

Figure  8-12  shows  a plot  of  the  first  six 
hours  of  orbit  in  the  B,  L coordinates  de- 
scribed in  Chapter  7.  The  predicted  damage 
steps  centering  at  0.8,  3.9,  and  6.9  hours  in 
Figure  8-11  have  B,  L coordinates  of  (0.064, 
3.46),  (0.053,  3.04),  and  (0.049,  2.67),  re- 
spectively. These  all  lie  at  about  30  degrees 
south  latitude,  at  an  altitude  of  about  6,100 
km. 


The  result  of  the  above  damage  prediction 
procedure  when  applied  to  the  N/P  silicon 
solar  cells  is  shown  in  Figure  8-13.  The 
Cherry  and  Slifer  laboratory  damage  data 
of  Figure  8-10,  were  again  employed.  The  ob- 
served damage  points  in  Figure  8-13  fall  near 
the  upper  error  limits  of  the  predicted  values, 
a systematic  difference  of  sign  opposite  to 
that  of  Figure  8-11  being  evident.  The  pre- 
dicted time  variation  is  in  agreement  with 
that  observed.  The  desirability  of  more  fre- 
quent and  complete  data  in  observing  orbital 
damage  is  obvious. 

Since  laboratory  proton  damage  studies  on 
gallium  arsenide  equivalent  to  those  of  Fig- 
ures 8-10  and  8-14  are  not  available,  the 
above  type  of  prediction  of  gallium  arsenide 
damage  cannot  be  attempted.  Baicker  et.  al.* 
have  considered  the  unexpectedly  rapid  de- 
terioration of  the  gallium  arsenide  cells  on 
Relay  and  attribute  it  to  a relatively  high 


*Baicker,  J.  A.,  Faughnan,  B.  W.,  and  Wysocki, 
J.  J.,  “Radiation  Damage  to  Silicon,”  Third  Semi- 
Annual  Report  on  Contract  NAS  5-457,  April  15, 
1962. 
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Figure  8-11. — Predicted  and  observed  damage  to  P/N  cells. 


damage  susceptibility  to  protons  of  energies 
below  a few  hundred  kev.  This  is  related  to 
the  fact  that  the  useful  volume  of  a gallium 
arsenide  solar  cell  is  located  in  a much  thin- 
ner front  layer  than  is  the  case  for  silicon. 
A shield  of  even  1 mil  of  fused  silica  would 
stop  all  low  energy  protons  up  to  1.5  mev, 
and  presumably  allow  the  gallium  arsenide 
cells  to  exhibit  the  high  radiation  damage 
resistance  indicated  by  theory  and  by  lab- 
oratory damage  studies  when  protons  above 
about  2 Mev  are  used. 

Proton  Damage  to  Shielded  Cells 

We  will  here  attempt  to  predict  the  dam- 
age suffered  by  silicon  P/N  and  N/P  cells, 


shielded  by  60  mils  (0.336  grams  per  cm2) 
of  clear  fused  silica  (Corning  7940).  Since 
the  damage  per  orbit  was  too  small  to  be 
resolved,  only  long  time  damage  effects  will 
be  considered. 

A fused  silica  shield  of  60  mils  thickness 
will,  nominally,  stop  a 16.5  Mev  proton  and 
a 0.90  Mev  electron.  The  large  flux  of  low 
energy  protons  which  evidently  damaged 
the  unshielded  cells  are  therefore  excluded. 

The  Mathematics  and  Computing  Branch 
of  the  Theortical  Division  of  GSFC  kindly 
calculated  fluxes  of  high  energy  protons  and 
electrons  over  intervals  of  Relay  flight.  These 
predictions  covered  five  two  day  intervals. 
Fourteen  second  steps  were  used.  The  cumu- 
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Figure  8-12. — Orbit  plot  in  B vs,  L coordinates. 


lative  flux  of  protons  of  energy  above  30 
Mev  involved  use  of  the  Pi  proton  grid,  or 
space  particle  distribution  map.  Electron 
fluxes  were  made  with  the  E8U  and  E8L 
electron  grids,  giving  upper  and  lower  limits. 
This  information  is  summarized  in  Table 
8-8.  The  fluxes  are  omni-directional. 

The  mean  proton  flux  of  Table  8-8  refers 
to  protons  of  energy  above  30  Mev.  It  is 


necessary  to  move  the  cut-off  energy  down- 
ward from  30  Mev  to  16.5  Mev.  According 
to  Mcllwain  and  Pizella*  the  ratio  of  the 
proton  fluxes  Qx  and  Q>  having  energy  cut- 
offs at  E ! and  E2,  respectively,  is  given  by 


*McIlwain,  C.  E.,  and  Pizzella,  G.,  “On  the  Energy 
Spectrum  of  Protons  Trapped  in  the  Earth’s  Inner 
Van  Allen  Zone,”  J.  Geophysical  Research  68  (7), 
1811-23,  April  1,  1963. 


RESPONSE;  PERCENT  INITIAL  SHORT  CIRCUIT  CURRENT  SHORT  CIRCUIT  CURRENT,  PERCENT  INITIAL 
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Figure  8-13. — Predicted  and  observed  damage  to  N/P  cells. 


Figure  8-14. — Response  to  silicon  solar  cells  vs 
flux  of  electrons. 


where 


Qx  E»  — E} 

Q2  Ea 

E{)  = 806  L™ 


(8.1) 

(8.2) 


Assuming  that  the  major  cell  damage  oc- 
curred near  equatorial  crossings  an  average 
equatorial  L value  of  1.7  was  determined 
from  orbit  predictions.  This,  with  Equation 
8.2,  gives  a value  of  Et,  of  19.45  Mev.  When 
this  is  entered  in  Equation  8.1,  together  with 
the  energy  cut-off  values  of  30  and  16.5  Mev, 
the  flux  extension  factor  is  found  to  be  2.0. 
Other  factors  to  be  applied  to  the  mean  pro- 
ton flux  value  of  8.79  X 10s  protons/cm2  -day 
are  estimated  as:  1/2  (for  infinite  rear 
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Table  8—8. — Predicted  Omnidirectional  Proton  and  Electron  Fluxes 


Days 
in  orbit 

Protons/cm  2-day 

Electrons/cm  2-day , 
upper 

Electrons/cm2-dayf 

lower 

0 to  2 

0.254  (9) 

2.87  (12) 

1.58  (12) 

14  to  16 

0.305  (9) 

3.74  (12) 

1.85  (12) 

45  to  47 

10.5  (9) 

8.72  (12) 

5.78  (12) 

83  to  85 

17.4  (9) 

14.1  (12) 

6.92  (12) 

194  to  196 

10.5  (9) 

8.17  (12) 

4.58  (12) 

Mean  = 8.79  (8) 

Mean  = 7.52  (12) 

Mean  = 4.14  (12) 

Mean  = 5.83  (12)  ± 30%  electro  ns/cm2-d  ay 

Proton  energies  are  equal  to  or  greater  than  30  Mev. 
Electron  energies  are  equal  to  or  greater  than  0.5  Mev. 


shielding),  1/3  (for  oblique  incidence)  and 
1 (to  get  4.6  Mev  equivalence) . The  latter 
is  roughly  estimated  as  follows : the  steeply 
falling  incident  integral  proton  spectrum  is 
considered  cut  off  below  16.5  Mev.  Increas- 
ing numbers  of  protons  of  initial  energies 
greater  than  this  value  penetrate  the  shield, 
with  exit  energies  rising  from  zero.  The  rise 
is  estimated  to  terminate  in  a few  Mev,  after 
which  a fall  dictated  by  the  shape  of  the  ini- 
tial spectrum  occurs.  The  maximum  is  prob- 
ably at  a few,  Mev.  Since  laboratory  damage 
information  on  these  types  of  cells  was 
available  at  4.6  Mev,  this  same  energy  equiv- 
alent of  the  protons  penetrating  the  shield 
is  assumed,  lacking  a more  precise  determi- 
nation. The  straggling  of  protons  in  shields 
is  very  severe. 

The  overall  factor  deduced  above  is  1/3, 
giving  a predicted  4.6  Mev  normal  incidence 
proton  flux  of  1/3  X 8.79  X 108  or  2.93  X 
10s  protons/cm2  -day,  or  8.8  X 1010  protons/ 
cm2  over  300  days.  Using  this  value  with 
the  damage  curves  of  Figure  8-10  gives  cell 
responses  of  56  percent  for  the  P/N,  60 
cells  and  75  percent  for  the  N/P,  60  cells. 
These  are  to  be  compared  with  the  observed 
values  of  60  and  79  percent.  The  agreement 
is  fair. 

Electron  Damage  to  Shielded  Cells 

Table  8-8  indicates  a predicted  average 


omni-directional  electron  flux  of  5.83  x 1012 
electrons/cm2-day.  We  will  assume  they 
have  a fission  spectrum  and  utilize  a func- 
tion* to  convert  this  value  to  equivalent  nor- 
mal incidence  1 Mev  electrons  after  passage 
through  shielding  material.  The  result  is,  for 
the  P/N  60  cells,  a factor  of  0.14,  and,  for 
the  N/P,  60,  a factor  of  0.31.  Thus  the 
predicted  equivalent  1 Mev  electron  flux 
per  cm2  -day  becomes  8.16  X 1011  electrons/ 
cm2  -day  or  2.45  X 1014  electrons/cm2  over 
300  days,  for  the  P/N,  60  cells.  Using  the 
appropriate  damage  curve  of  Figure  8-14 
we  obtain  a predicted  cell  response  of  47 
percent.  This  is  considerably  smaller  than 
the  observed  value  of  59.8  percent.  Simi- 
larly, for  N/P,  60  cells  the  predicted  flux 
per  cm2  over  300  days  is  5.4  X 1014  equiv- 
alent 1 Mev  electrons,  giving  a predicted 
response  of  75  percent,  versus  an  observed 
79  percent,  which  is  fair  agreement. 

Thus,  the  predicted  damage  by  both  elec- 
trons and  protons  on  heavily  shielded  silicon 
cells  exceeds  that  observed.  This  nature  of 
disagreement  can  be  partly  attributed  to  the 
use  of  tungsten  light  in  evaluating  the  lab- 
oratory damage  curves  of  Figure  8-10  and 
8-14.  This  tends  to  exaggerate  damage,  as 


*Rosenzweig,  W.,  “Radiation  Damage  Studies,” 
IEEE  Photovoltaic  Specialists  Conference,  Wash- 
ington, D.  C.,  April  10-11,  1963.  See  also  Fig.  6-32, 
this  report. 
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Table  8-9. — Orbital  Radiation  Damage  Experiments 


No. 

Satellite 

Perigee 

(km) 

Apogee 

Inel. 

(deg.) 

Launched 

Cell 

type 

Mils, 

shield 

To.76 

(days) 

1 

Explorer  XI  _ _ 

491 

1799 

28.8 

4/27/61 

N/P 

0 

70 

2 

Midas  III 

3450 

3510 

91.2 

7/12/61 

P/N 

40,  silica 

100 

P/N 

80,  silica 

250 

N/P 

60,  silica 

1000 

3 

Explorer  XII  _ 

304 

77000 

33. 

8/16/61 

P/N 

3,  glass 

1000 

P/N 

0 

1 orbit 

4 

Midas  IV 

3530 

3760 

95.9 

10/21/61 

P/N 

40,  silica 

53 

P/N 

80,  silica 

110 

5 

Telstar  I 

952 

5660 

45. 

7/26/62 

N/P 

30,  sapp. 

400 

6 

Alouette 

1004 

1029 

90. 

9/29/62 

P/N 

12,  glass 

30 

7 

Explorer  XIV 

278 

99000 

33. 

10/21/62 

P/N 

0 

1 orbit 

8 

1962-BK 

191 

5550 

71. 

10/26/62 

P/N 

6,  glass 

4 

P/N 

60,  glass 

100 

N/P 

6,  glass 

50 

9 

ANNA  IB 

1090 

1180 

50. 

10/31/62 

P/N 

6,  glass 

P/N 

20,  silica 

90 

P/N 

30,  sapp. 

400 

N/P 

30,  sapp. 

10 

Relay  1 _ 

1321 

7439 

47.5 

12/13/62 

P/N 

0 

! 1 orbit 

P/N 

30,  silica 

32 

P/N 

60,  silica 

47 

N/P 

0 

0.33 

N/P 

30,  silica 

197 

N/P 

60,  silica 

480 

GaAs 

0 

0.06 

compared  with  that  demonstrated  in  orbit 
with  sunlight  illumination.  The  electron 
damage  prediction  also  neglected  a decrease 
in  electron  intensities  which  is  known  to 
have  occurred  during  the  experiment. 

Comparison  with  Other  Orbital  Damage  Experiments 

Table  8-9  shows  the  orbit  parameters  of 
some  other  satellites  which  have  carried 
radiation  damage  experiments,  together  with 
cells,  shields,  and  times  estimated  for  cell 
responses  to  fall  to  75  percent  of  their  orig- 
inal values.  This  data  is  largely  taken  from 
Cooley  et  al.* 

Some  comparison  may  be  made.  Midas  III 
has  a circular  polar  orbit  at  about  the  same 
mean  altitudes  as  Telstar  I and  Relay  I. 
They  all  carry  N/P  cells  with  about  the  same 
effective  shields.  Their  “lifetimes”  in  orbit 
are  1000,  400,  and  480  days,  respectively. 
The  fact  that  Midas  III  was  at  the  altitude 
of  the  “inner  belt”  is  evidently  compensated 


by  the  fact  that  it  spends  a large  part  of  its 
time  in  low  damage  regions  near  the  poles. 

The  Explorer  XII  and  Explorer  XIV  P/N, 
0 cells  and  the  Relay  I P/N,  0 cells,  although 
in  greatly  different  orbits,  agree  in  that  they 
were  all  very  severely  damaged  in  one  orbit. 
The  fact  that  the  Explorer  XII  (P/N,  3 
glass)  cells  had  such  a long  lifetime  com- 
pared to  the  unshielded  cells  strongly  indi- 
cates damage  by  low  energy  protons,  to 
which  the  damage  to  the  unshielded  cells  on 
Relay  has  been  quantitatively  ascribed. 

The  (P/N,  60  glass)  cells  on  1962  BK  and 
the  (P/N,  60  silica)  cells  on  Relay  had 
roughly  the  same  mean  altitudes  and  their 
critical  times  of  100  and  47  days,  respec- 
tively, are  comparable. 


* Cooley,  William  C.,  Janda,  Robert  J.,  and  Shiva- 
nandan,  Kandiah,  “Handbook  on  Space  Radiation 
Effects  to  Solar  Cell  Power  Systems,”  prepared  for 
NASA  under  contract  NASw-598,  July  22,  1963. 
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Although  not  shown  in  Table  8-9  ANNA 
IB  carried  a gallium  arsenide  cell  with  a 
6 mil  glass  shield.  This  appeared  more  dam- 
age resistant  than  any  of  the  much  more 
heavily  shielded  silicon  cells  up  to  80  days  in 
orbit,  when  it  apparently  began  to  degrade 
rapidly.  Although  its  orbit  is  quite  different 
from  that  of  Relay,  the  long  lifetime  com- 
pared to  the  unshielded  gallium  arsenide 
cells  on  the  latter  spacecraft  (0.06  days) 
suggests  again  that  low  energy  protons  were 
the  damaging  agent. 

A review  of  Table  8-9  strongly  indicates 
that  N/P  silicon  solar  cells,  shielded  with  the 
equivalent  of  60  mils  of  Corning  Type  7940 
transparent  fused  silica  would  probably  have 
a lifetime  (75  percent  point)  of  about  one 
year  if  in  the  most  damaging  orbit.  This 
presumably  would  be  an  equatorial  one  at  an 
altitude  of  about  300  km. 

In  view  of  the  approximations  now  re- 
quired in  the  prediction  of  the  lifetime  of 
solar  cell  power  supplies  in  orbit  it  is  obvi- 
ously prudent  to  check  such  predictions 
against  empirical  information  of  the  kind 
indicated  in  Table  8-9. 

CONCLUSIONS 

The  radiation  effects  experiment  carried 
on  Relay  has  shown,  by  virtue  of  observa- 
tions taken  over  about  one  year,  that  silicon 
N/P  solar  cells  shielded  with  60  mils  of 
Type  7940  silica  last  about  10  times  longer 
than  similarly  shielded  P/N  cells,  when 
judged  by  short  circuit  current  at  the  75 
percent  initial  value  level. 

Silicon  N/P  cells  with  30  mil  shields  last 
about  six  times  longer  than  similar  P/N 
cells. 

Silicon  N/P  cells  with  60  mil  shields  last 
about  480  days  ; silicon  N/P  cells  with  30  mil 
shields  last  197  days,  all  at  the  75  percent 
level. 

Unshielded  silicon  N/P,  P/N,  and  gallium 
arsenide  cells  all  last  less  than  one  day. 

The  use  of  60  mil  shields  approximately 
doubles  the  life  of  a silicon  cell,  as  compared 
to  one  using  a 30  mil  shield. 


Fluctuations  in  the  degradation  rates  were 
apparent.  Early  effects  were  attributable 
to  successive  passes  through  highly  damag- 
ing regions  of  space. 

Early  damage  to  unshielded  P/N  and  N/P 
cells  was  approximately  accounted  for,  in 
magnitude  and  in  time,  by  predictions  based 
on  a space  map  of  low  energy  protons,  to 
which  unshielded  cells,  particularly  those  of 
gallium  arsenide,  are  very  sensitive. 

The  long  term  degradation  of  the  shielded 
silicon  cells  was  predicted,  approximately, 
by  consideration  of  the  effects  of  protons  of 
energy  greater  than  16.5  Mev,  using  the 
GSFC  PI  proton  grid. 

However,  a consideration  of  the  damage 
causd  by  electrons  of  energy  greater  than 
0.5  Mev,  using  the  GSFC  E8  grid,  also  ap- 
proximately predicted  the  observed  damage. 
This  prediction  ignored  a decrease  in  elec- 
tron intensities  which  is  known  to  have 
occurred  during  this  flight. 

It  thus  appears  that  protons  were  the 
principal  cause  of  damage  to  the  heavily 
shielded  cells.  Also,  the  particle  information, 
the  data  on  laboratory  radiation  damage,  or 
approximations  in  the  calculations  have 
tended  to  an  over-prediction  of  damage  to 
shielded  cells. 

The  radiation  damage  observed  on  Relay 
is  similar  to  damage  occurring  on  Midas  III 
and  Telstar  I.  This  is  reasonable  when  the 
orbits  are  considered.  The  empirical  infor- 
mation indicates  that  for  a solar  cell  pow- 
ered spacecraft  to  last  one  year  in  an  equa- 
torial orbit  of  about  3000  km  altitude,  N/P 
silicon  cells  shielded  with  at  least  60  mils  of 
fused  silica  would  be  required  if  the  per- 
formance were  not  to  fall  below  the  75  per- 
cent initial  value. 

It  would  be  of  great  value  if  future  satel- 
lite solar  cell  damage  experiments  were  such 
that  the  maximum  power  from  the  cells  were 
measured,  instead  of  short  circuit  current, 
which  is  known  to  be  only  a poor  measure  of 
power  under  some  conditions.  The  use  of 
gallium  arsenide  cells  with  a variety  of 
shields  may  allow  this  material  to  demon- 
strate its  potential.  More  complete  and  ac- 
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curate  space  maps  of  the  trapped  radiations 
are  highly  desirable,  together  with  improved 
laboratory  damage  studies  on  solar  cells. 
Damage  studies  using  high  energy  electrons 
and  protons  on  shielded  cells  would  remove 
some  of  the  uncertainties  now  involved  in 
calculating  shielding  effects,  particularly  if 
the  damage  were  evaluated  in  sunlight. 
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Chapter  9 


The  Andover  Ground  Station 


INTRODUCTION 

The  Andover  ground  station  was  designed 
to  provide  means  for  transmitting  to  and 
receiving  from  communications  satellites 
similar  to  Relay.  The  station  includes  the 
communication  antenna,  transmitting  and 
receiving  equipment,  coupling  circuitry,  sat- 
ellite tracking  equipment  and  means  for 
programming  the  antenna  to  track  the  vis- 
ible portion  of  a satellite’s  orbit.  In  addition, 
VHF  command  transmission  and  telemetry 
reception  facilities  appropriate  to  Relay  sat- 
ellites are  provided.  The  station  has  been 
used  for  evaluation  tests  of  and  successful 
demonstrations  via  Telstar  I and  II,  Relay 
I and  II,  and  Syncom  II. 

SITE  SELECTION 

In  selecting  a site  suitable  for  a ground 
station,  several  factors  were  taken  into  ac- 
count. These  included  freedom  from  inter- 
ference, suitability  for  commercial  operation, 
proximity  tq  Europe  and  climatic  conditions. 
The  major  sources  of  interference  were  con- 
sidered to  be  TD-2  and  TH  microwave  sys- 
tems, airplane  routes,  major  highways  and 
large  cities.  Consideration  was  given  not 
only  to  existing  sources  of  interference  but 
to  any  that  might  obtain  in  the  foreseeable 
future.  Suitability  for  commercial  operation 
dictated  that  the  site  be  large  enough  to 
house  several  antennas  and  be  dose  enough 
to  existing  radio  relay  telephone  and  tele- 


vision routes  for  economical  interconnection. 
A location  in  the  northeastern  United  States 
was  required  to  fulfill  the  criterion  that  the 
station  be  near  Europe. 

Several  possible  areas  were  selected  in  the 
northeastern  states.  Of  these,  Maine  was 
chosen  as  the  most  promising.  Exploration 
of  this  area  by  a siting  team  resulted  in  the 
selection  of  the  site  at  Andover,  Maine.  Con- 
clusions based  on  detailed  studies  of  this  site 
indicated  that  it  was  satisfactory.  These 
conclusions  have  been  validated  by  subse- 
quent performance  of  the  station. 

The  location  of  the  station  is  shown  in 
Figure  9-1.  It  is  in  southwestern  Maine 
close  to  the  New  Hampshire  border,  latitude 
44.6355406°N,  longitude  70.694033°W.  In- 
terconnection with  existing  radio  relay  sys- 
tems was  obtained  via  a four  hop  system, 
two  sections  of  which  are  TD-2  and  two 
sections  of  TJ  (11  Gc).  The  use  of  TJ  for 
the  sections  closest  to  the  site,  and  utilizing 
frequencies  at  the  low  end  of  the  TD-2 
band  avoided  interference  from  the  entrance 
link  to  the  ground  receiver. 

The  station  is  situated  on  a low,  rounded 
hill  at  an  elevation  of  900  feet  in  a tract  of 
about  1100  acres.  The  1100  acre  tract  is  in 
turn,  in  a wide,  shallow  valley  about  10  miles 
in  diameter.  The  surrounding  hills  provide 
additional  shielding  against  interference  in 
almost  all  directions  without  significantly  in- 
terfering with  satellite  visibility.  Figure 
9-2  is  a general  aerial  view  of  the  Andover 
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Figure  9-1. — Andover  site-map. 


tennas  widely  used  on  Bell  System  micro- 
wave  relay  routes.  Figure  9-5  shows  a model 
of  the  Andover  antenna.  For  structural 
reasons,  the  horn  at  Andover  is  conical 
rather  than  pyramidal,  as  was  the  case  in 
the  smaller  versions.  The  antenna  rotates 
in  azimuth  on  two  concentric  rails  and  in 
elevation  about  the  axis  of  the  conical  feed 
horn  on  a large  bearing  at  the  rear  and 
a truck  and  rail  combination  at  the  forward 


site.  Figure  9-3  is  a close-up  aerial  view  of 
the  site.  In  this  view  the  air-supported 
radome  is  the  most  prominent  feature  of  the 
station.  Figure  9-4  presents  the  profile  of 
the  optical  horizon  from  the  site  of  the  an- 
tenna. 


Communications  Antenna 

The  communications  antenna  at  Andover 
is  a much  enlarged  version  of  similar  an- 
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Figure  9-2. — Andover  site — aerial  view. 


end.  Two  equipment  rooms  are  carried  on 
the  structure. 

This  configuration  has  several  advantages 
over  other  possible  forms.  It  is  extremely 
broadband,  presents  an  excellent  impedance 
to  the  transmitter,  and  the  parabolic  surface 
is  efficiently  illuminated.  The  antenna  also 
has  very  low  sides  and  back  lobes.  The  pro- 
vision of  equipment  rooms  on  the  structure 
permits  connections  to  the  receiver  with 
short,  low  loss  connections,  resulting  in  low 
system  noise  temperature. 

Table  9-1  gives  the  principal  physical  and 
performance  characteristics  of  the  Andover 
horn. 

Pointing  calibration  was  made  by  tracking 
radio  stars.  Accurate  corrections  to  accom- 


Table  9-1  .—Horn  Reflector  Antenna 


Structural  characteristics 

Aperture 

Length 

3600  square  feet 
177  feet 
380  tons 

0.060  inch  (1  Sigma) 

Weight 

Reflector  accuracy  — 

Tracking  and  slewing 

Azimuth 

Elevation 

Maximum  tracking  velocity 

Maximum  slewing  velocity 

Maximum  acceleration _ 

1.5  deg/sec 
1.5  deg/sec 
1.3  deg/sec2 

1.5  deg/sec 

1.5  deg/sec 
3.0  deg/sec3 

Error  during  acceleration 

0.26°  pre  deg  per  sec2 

Performance 

4170.  me 

6390  me 

Gain  ■ ■ _ „ . 

58  db 

0.23  degree 

61  db 

0.16  degree 

Beamwidth  (3-db  points) 

4' 


Figure  9-3. — Andover  site — closeup  aerial  view, 
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Figure  9-4. — Andover  optical  horizon. 


modate  the  structural  distortions  indicated  All  connections  to  the  antenna  are  made 
by  these  calibrations  are  known.  These  are  through  slip  rings  located  around  a pintle 

included  in  computations  so  that  with  good  bearing  at  the  azimuth  axis.  This  permits 

ephemerides  data  the  antenna  beam  may  be  free  rotation  of  the  antenna.  Cooling  water, 

pointed  at  the  satellite  within  a fraction  of  power  and  control  leads  are  also  carried 

a beam  width.  through  rotating  joints  and  slip  rings  at  the 


Figure  9-5. — Andover  antenna — model. 


pintle  bearing.  transmitting  equipment.  The  output  stage 

The  entire  antenna  is  housed  in  the  pre-  is  a power  amplifier  using  a high-power 

viously  mentioned  radome.  This  structure  is  traveling  wave  tube.  The  center  frequency 

made  of  rubberized  dacron.  It  is  210  feet  is  6.390  Gc  when  the  transmitter  is  used  for 

in  diameter  and  165  feet  high. 

Transmitters 

There  are  two  ground  transmitters  asso- 
ciated with  the  horn  antenna.  One  is  used 
when  tests  or  demonstrations  are  to  be  con- 
ducted using  Telstar.  The  second  transmit- 
ter is  used  when  Relay  is  the  satellite  of  in- 
terest. 

The  Telstar  transmitter,  shown  in  Figure 
9-6,  provides  an  FM  signal  of  3000  watts 
maximum  with  a peak  deviation  of  zb  10  Me. 

The  FM  deviator  and  modulator  amplifier 
stages  are  modified  versions  of  TH  radio 
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television  or  other  straight-away  tests.  It 
can  be  shifted  ±5  Me  for  two-way  message 
experiments.  The  servo  control  shown  can 
be  used  to  vary  the  output  power  to  main- 
tain a prescribed  received  power  at  the  sat- 
ellite. This  is  used  in  two-way  telephone 
tests,  where  approximately  equal  carrier 
levels  at  the  satellite  are  desired. 

The  Relay  transmitter  provides  an  FM 
signal  of  10,000  watts  maximum  with  a peak 
deviation  of  ±7  Me.  The  output  stage  em- 
bodies a power  klystron. 

The  center  frequency  is  1.725  Gc  when 
the  transmitter  is  used  for  television  or 
straight-away  tests.  It  can  be  shifted  ±5/3 
Me  for  two-way  message  experiments. 

Receivers 

The  station  is  equipped  with  two  receivers. 
A standard  FM  receiver  operating  at  74  Me 
similar  to  those  used  in  the  TH  radio  relay 
systems  and  an  FM  feedback  receiver.  The 
FM  feedback  receiver  reduces  the  effective 
noise  bandwidth  of  the  receiver  to  give  a 
4 to  5 db  advantage  in  threshold  when  com- 
pared to  a conventional  receiver. 

A block  diagram  of  the  receiving  system 
is  shown  in  Figure  9-7.  This  diagram  shows 
the  FM  feedback  receiver.  Signals  received 
through  the  antenna  are  amplified  40  db  by 
a ruby  maser.  They  are  then  converted  to 
a 74  Me  IF  frequency  where  the  major  por- 
tion of  the  receiver  gain  is  obtained.  Then 
they  are  shifted  to  the  6 Gc  band  for  de- 


Figure  9-7. — Ground  Receiver  block  diagram. 


modulation  in  a frequency  compression  de- 
tector. This  detector  permits  the  baseband 
signal  to  noise  advantage  of  wide  deviation 
FM  to  be  realized  without  the  loss  in  thresh- 
old level  that  would  obtain  in  a conventional 
detector  of  the  same  bandwidth.  Compression 
of  the  noise  band  is  achieved  by  feeding 
back  part  of  the  baseband  output  to  a volt- 
age controlled  local  oscillator.  Thus,  the 
local  oscillator  follows  the  deviations  of  the 
incoming  signal.  In  this  way,  the  IF  fre- 
quency deviations  applied  to  the  discrimina- 
tor are  reduced  by  the  feedback  factor. 

The  center  frequency  when  receiving  tele- 
vision or  during  straight-away  tests  is  4.170 
Gc.  This  is  shifted  ±5  Me  for  two-way 
telephone  tests. 

The  overall  receiver  noise  temperature  of 
the  system  is  42  degrees  K when  the  antenna 
is  at  7.5°  elevation  angle  and  32  degrees  K 
when  pointed  at  zenith. 

Coupling  Circuitry 

The  coupling  circuitry  needed  to  permit 
the  connection  of  the  6 Gc,  the  1.725  Gc 
transmitters  and  the  4 Gc  receiver  to  the 
horn  antenna  is  shown  in  Figure  9-8.  The 
signal  from  the  6 Gc  transmitter  comes  from 
the  left  of  the  diagram  via  a rectangular 
waveguide  with  horizontal  polarization.  The 
signal  travels  essentially  unchanged  over  a 
waveguide  transition  and  through  the  polar- 
ization coupler.  The  polarizer  transforms 
the  linearly  polarized  signal  into  circular 
polarization  for  transmission  by  the  antenna. 

The  4 Gc  signal  from  the  antenna,  after 
going  through  the  polarizer,  appears  as  a 
vertically  polarized  wave  which  is  guided 
through  the  polarization  coupler  into  the 
rectangular  waveguide  leading  to  the  maser. 

The  6 Gc  into  the  maser  is  kept  within  tol- 
erable bounds  by  means  of  the  two  mode 
suppressors,  I and  II,  and  the  low  pass  filter 
in  the  waveguide  leading  to  the  maser. 

The  1.725  Gc  transmitting  signal  used  in 
conjunction  with  Relay  is  coupled  to  the 
antenna  in  the  conical  section  directly  behind 
the  apex  taper.  Two  1.725  Gc  signals  of 
equal  amplitude  and  90°  phase  difference  are 
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Figure  9-8.-— Diplexer  and  associated  waveguide  circuits. 


coupled  at  right  angles  into  the  horn.  A 
hybrid  is  used  to  obtain  two  signals.  The 
phase  difference  is  such  as  to  give  a signal 
right-hand  circularly  polarized  in  space.  The 
coupling  slots  are  longitudinal  and  are  lo- 
cated at  a point  where  the  circumferential 
wall  current  at  1.725  Gc  has  the  first  maxi- 
mum. This  maximizes  the  coupling  for  the 
TEn  mode  and  keeps  excitation  of  the  TM0J 
mode  at  a low  level.  The  coupling  slots  are 
backed  by  two-cavity  bandpass  filters  giving 
a maximally  flat  transmission  with  a 60  Me 
bandwidth.  The  filters  are  built  in  small- 
sized waveguide  (4.0  by  0.9  inch)  to  reduce 
the  number  of  undesired  modes  which  might 
be  excited  at  4 and  6 Gc. 

Insertion  loss  of  the  filters  at  1.725  Gc  is 
less  than  0.1  db.  The  filters  also  act  as  trans- 
formers between  the  conical  section  of  the 
antenna  and  the  large  waveguide  (WR430) 
which  is  used  for  the  rest  of  the  installation. 
The  coupler  has  no  measurable  effect  on  the 
6.390  or  the  4.170  Gc  signals.  The  noise 
contribution  to  the  system  by  the  coupler  at 
4 Gc  was  held  to  less  than  1°K  by  careful 
mechanical  design  of  the  iris  located  in  the 
apex  taper. 


The  rotating  joint  shown  in  Figure  9-8  is 
located  at  a cone  diameter  of  34  inches.  This 
rather  large  diameter  and  a gap  width  of 
0.1  inch  simplify  the  electrical  design  of  a 
joint  required  to  work  at  6.390,  4.170,  and 
1.725  Gc.  A double  choke  is  used  and  op- 
timized at  4.170  Gc.  Measurements  have 
indicated  that  for  gap  widths  of  up  to  0.5 
inch  and  with  absorbing  material  covering 
the  outside  of  the  joint,  the  4 Gc  noise  con- 
tribution was  still  below  1°K.  The  radiation 
shield  was  required  to  keep  the  radiated 
energy  at  6.390  and  1.725  Gc  below  the  Bell 
System  safety  limit  for  continuous  exposure 
of  1 milliwatt  per  cm2. 

Satellite  Tracking  Equipment 

The  tracking  equipment  at  Andover  con- 
sists of  four  subsystems.  These  are  (1)  the 
command  tracker  including  its  control,  (2) 
the  precision  tracker  and  its  control,  (3)  the 
communications  (horn  reflector)  antenna 
and  its  control  and  (4)  the  computers.  A 
commercial  system  would  not  require  as 
complex  or  elaborate  a system  as  this.  How- 
ever, this  system  provides  the  flexibility 
necessary  for  evaluating  the  optimum  sys- 
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tem  for  a commercial  station.  Figure  9-9 
shows  the  four  parts  of  the  system  and  their 
interrelation. 

The  computer  (IBM  1620)  is  programmed 
to  produce  drive  tapes  from  any  one  of 
three  different  sources  of  information,  (1) 
ephemeris  data,  (2)  orbital  elements  and  (3) 
X-Y-Z  topocentric  coordinates  obtained 
from  NASA.  The  drive  tapes  may  be  used 
to  point  all  three  antennas  to  the  predicted 
position  of  the  satellite.  A different  mode  of 
operation  which  does  not  depend  on  accurate 
drive  tapes  is  as  follows: 


Figure  9-9. — Tracking  system,  block  diagram. 


The  command  tracker,  with  its  beam  of 
20°,  picks  up  the  136  Me  beacon  as  the  sat- 
ellite rises  above  the  horizon.  When  auto- 
track has  been  obtained  with  this  antenna, 
the  satellite  is  located  within  1°.  Then  pre- 
scribed procedures  are  followed  to  energize 
the  repeater  in  the  satellite.  At  this  time  the 
satellite  transmits  the  4.080  Gc  beacon.  The 
precision  tracker,  slaved  to  the  command 
tracker,  can  now  acquire  the  microwave  bea- 
con with  its  2°  beam.  When  autotrack  is 
obtained,  the  satellite  is  located  to  within 
0.02°.  The  horn  antenna,  slaved  to  the 
precision  tracker,  can  then  acquire  the 
microwave  beacon  with  its  0.2°  beam  and 
autotrack.  Once  this  is  accomplished,  the 
horn  can  continue  to  track  the  satellite  with- 
out further  aid. 

The  procedure  outlined  above  is  one  of 
many  possible  modes  of  operation.  If  good 
pointing  information  is  available  the  commu- 
nication antenna  can  be  directed  to  acquire 
and  then  autotrack  the  satellite  without  going 
through  the  step  by  step  procedure  outlined 
above.  This  has  been  done  on  many  occa- 
sions at  Andover  and  a commercial  system 
would  probably  be  operated  on  this  basis. 

Author.  This  chapter  was  written  by  W. 
A.  Klute  of  the  Bell  Telephone  Laboratories, 
Inc.,  Murray  Hill,  New  Jersey,  U.S.A.  under 
Western  Electric  Corporation  contract  NAS 
5-1987  with  NASA/Goddard  Space  Flight 
Center. 


Chapter  10 


Communications  Experiments  Conducted  at  Andover,  Maine 


INTRODUCTION 

This  is  a final  report  of  data  taken  at  the 
AT&T  Co.  earth  station  at  Andover,  Maine 
during*  communications  tests  conducted  on 
the  Relay  I satellite  since  its  launch  on  De- 
cember 13,  1962.  The  data  presented  in  this 
and  previous  reports  are  in  good  agreement 
with  theoretical  values.  In  addition,  Andover 
station  reports  which  presented  applicable 
raw  data,  have  been  furnished  for  each  pass 
operated. 

Andover  has  also  participated  in  numerous 
successful  monochrome  television  and  two- 
way  telephony  transmissions  to  demonstrate 
the  feasibility  of  satellites  as  a communica- 
tions media.  A monthly  tabulation  of  the 
passes  worked  for  either  technical  tests  or 
demonstrations  is  presented  below. 


Month 

Technical  tests 

Demonstrations 

January . . 

22 

8 

February. _ 

4 

2 

March  . 

10 

6 

April 

14 

6 

May 

2 

11 

June 

20 

16 

1 

July 

4 

August 

11 

0 

September 

5 

2 

October 

10 

6 

November.  

30 

8 

December  

14 

6 

Stations  participating  with  Andover  in 
tests  and  demonstrations  are  listed  below : 


COMHIL:  Goonhilly  Downs,  England 
COMBOD : Pleumeur-Bodou,  France 
COMNUT : Nutley,  New  Jersey 
COMRIO : Rio  de  Janeiro,  Brazil 
COMGEB  : Raisting,  Germany 
COMTEL  : Fucino,  Italy 
COMIBA:  Ibaraki,  Prefecture,  Japan 
COMMOJ : Mojave,  Goldstone,  California 
Many  of  the  tests  were  conducted  on  a 
loop  basis  (that  is  from  Andover  to  the  sat- 
ellite and  back  to  Andover)  . 

GROUND  STATION  COMMUNICATIONS  SYSTEM 

The  Andover  communications  system  is 
shown  in  block  diagram  form  in  Figure 
10-1.  As  can  be  seen  from  this  figure  the 
communications  equipment  is  divided  be- 
tween two  locations:  the  control  building, 
which  houses  the  major  part  of  the  test  and 
control  equipment,  and  the  radome,  which 
houses  a large  part  of  the  communications 
equipment,  including  the  ground  transmit- 
ter and  ground  receiver.  These  areas  are 
connected  by  means  of  a video  transmission 
system  and  1600  feet  of  cable.  The  Andover 
station  is  connected  to  Boston  via  a micro- 
wave  radio  relay  system  which  terminates 
in  the  test  area.  From  Boston  the  Andover 
station  may  be  connected  to  any  other  part 
of  the  country  by  the  Bell  System  communi- 
cations network. 

Four  types  of  loop  tests  were  conducted 
to  facilitate  evaluation  of  satellite  perform- 
ance as  indicated  in  Figure  10-1.  They  are 
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as  follows  (1)  the  baseband  loop  which  in- 
cludes the  video  transmission  system  from 
the  test  area  to  the  FM  deviator  and  back 
to  the  test  area;  (2)  the  IF  loop  which  in- 
cludes the  FM  deviator,  IF  amplifier  and  the 
standard  or  FM  feedback  receiver  in  addi- 
tion to  the  equipment  required  for  the  base- 
band loop;  (3)  the  boresight  loop  includes 
all  the  ground  station  equipment  including 
the  ground  station  transmitter,  receiver,  di- 
plexer,  antenna  and  a repeater  similar  to 
the  satellite;  (4)  the  satellite  loop  is  identical 
with  the  boresight  loop  except  that  the  actual 
satellite  is  used  rather  than  the  repeater  at 
the  boresight  tower.  The  majority  of  tests 
discussed  in  this  report  are  satellite  loop 
tests.  Two  types  of  FM  receivers  were  used 
at  Andover;  a standard  FM  receiver  and  an 
FM  feedback  receiver.  The  FM  feedback  re- 
ceiver provides  some  additional  margin 
against  breaking  but  has  a somewhat  re- 
stricted bandwidth  compared  to  the  standard 
FM  receiver.  In  general,  using  the  standard 
FM  receiver  without  band-limiting  filters  re- 
sults in  a transmission  characteristic  flat  to 
beyond  5 Me  while  using  the  FM  feedback 


receiver  without  band-limiting  filters  results 
in  a transmission  characteristic  flat  to  about 
4 Me, 

Many  of  the  tests  conducted  use  the  multi- 
plex equipment  shown  in  Figure  10-2.  This 
figure  shows  in  block  diagram  form  the  op- 
tional arrangements  for  television  and  two- 
way  telephony  transmission.  For  television 
transmission,  the  audio  signal  is  applied  to 
the  transmitting  diplexer,  which  frequency 
modulates  the  audio  signal  on  a 4.5  Me  sub- 
carrier. The  video  signal  is  band-limited  by 
a 3.5  Me  linear  phase  filter  and  combined 
with  the  4.5  Me  aural  subcarrier.  The  com- 
bined signal  is  then  transmitted  via  the 
video  transmission  system  to  the  ground 
transmitter.  At  the  receiving  end  of  the 
system  the  combined  signal  is  received  at  the 
ground  receiver,  transmitted  via  the  video 
transmission  system  to  the  control  building. 
After  amplification,  the  4.5  Me  aural  sub- 
carrier is  separated  from  the  video  signal 
and  demodulated  by  a discriminator  centered 
at  4.5  Me.  Two  outputs  are  provided  from 
the  diplexer;  one  for  video,  the  other  for 
audio. 


COMMUNICATIONS  EXPERIMENTS  CONDUCTED  AT  ANDOVER,  MAINE 


479 


Figure  10-2. — Andover  multiplex  system. 


Two-way  telephone  transmission  is  accom- 
plished using*  standard  “L”  or  “K”  carrier 
multiplex  equipment.  Using  “L”  carrier 
multiplex  equipment,  12  individual  (0  to  4 
kc)  channels  are  translated  in  frequency  to 
the  60  to  108  kc  band.  Using  the  “K”  carrier 
multiplex  equipment,  12  individual  (0  to  4 
kc)  channels  are  translated  in  frequency 
to  the  12  to  60  kc  band.  After  multiplexing, 
the  combined  signal  is  transmitted  to  the 
ground  transmitter  via  the  video  transmis- 
sion system.  Table  10-1  lists  the  frequencies 
used  for  one  and  two-way  transmission 
through  the  satellite. 

This  table  indicates  that  for  two-way 
transmission  the  ground  transmitter  fre- 
quency is  offset  by  1.667  Me  and  the  ground 
receiver  is  offset  by  5.000  Me  from  that 
normally  used  (1725  and  4169.72  Me).  This 
permits  the  splitting  of  the  RF  bandwidth 


Table  10-1 


One-way  transmission 

1725  Me  from  ground  to  satellite 

4169.72  Me  from  satellite  to  ground 

Two-way  transmission 
Station  A 

1723.333  Me  from  ground  to  satellite 

4174.72  Me  from  satellite  to  ground 

Station  B 

1726.667  Me  from  ground  to  satellite 

4164.72  Me  from  satellite  to  ground 


for  simultaneous  transmission  in  both  direc- 
tions by  two  ground  stations.  Narrow  band- 
pass filters  3 Me  wide  are  inserted  at  IF  at 
the  ground  station  to  select  the  desired  IF 
signal.  The  undesired  signal  is  also  ampli- 
fied and  the  two  signals  are  compared  to 
permit  equalizing  the  carriers  if  this  is  re- 
quired for  optimum  results. 
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The  normal  frequency  deviations  used  for 
two-way  telephone  transmission  are  pre- 
sented in  Table  10-2. 


Table  10 -2.— Frequency  Deviations  for  Two-Way 
Telephone  Transmission 


Type 

No.  of 
channels 

! RMS  deviation  per  channel 

| (for  a 1000  tone  at  0 toll  level) 

Ground  to  satellite! 

Satellite  to  ground 

“K”  Carrier 

(12-60  kc),*., 

12 

29.6  kc 

88.8  kc 

*'L”  Carrier 

(60-108  kc)  __  _ 

12 

105.0  kc 

315.0  kc 

The  normal  frequency  deviations  for  tele- 
vision are  given  in  Table  10-3. 


Table  10-3. — Frequency  Deviations  for  Television 


Video  peak  to  peak 

Aural  subcarrier  peak  to  peak 

Audio  deviation  of  aural  subcarrier  peak  to  peak. 


13.7  Me 
2.7  Me 
100.0  kc 


RECEIVED  CARRIER  POWER 

In  light  of  the  importance  of  received  car- 
rier power  data  in  the  analysis  of  satellite 
performance  and  because  of  the  many  vari- 
ables involved,  repeated  measurements  were 
made  to  insure  valid  data. 

The  received  carrier  power  in  the  commu- 
nications channel  was  measured  continuously 
during  tests  at  the  ground  receiver  by  moni- 
toring the  voltage  in  the  main  IF  amplifier’s 
automatic  gain  control  circuit.  Measure- 
ments of  received  carrier  power  at  the  sat- 
ellite were  obtained  from  NASA.  This  data 
reported  the  received  carrier  power  at  the 
satellite  at  1-minute  intervals  during  the 
tests. 

Measurements  are  estimated  to  be  accu- 
rate ±0.5  db  at  the  ground  receiver.  In 
general,  when  range,  spin  angle  and  measure- 
ment accuracies  are  considered,  the  measured 
values  of  received  carrier  powers  at  the 
satellite  agree  with  the  predicted  values. 
The  measured  values  of  received  carrier 
powers  at  the  ground  are  higher  than  those 


computed  from  published  data  of  effective 
radiated  power  by  approximately  2 db. 

Received  Carrier  Power  vs.  Range 

Figure  10-3  is  a plot  of  the  ground  re- 
ceived carrier  power  vs.  range  measured  at 


RADIATED  POWER 

40.7  dbm 

SATELLITE  ANTENNA 
GAIN  AT  90°  SPIN 
ANGLE 

0 db 

EARTH  STATION  ANTENNA 
GAIN 

57.6  db 

MISC.  SATELLITE 
LOSSES 

0.5  db 

MISC.  GROUND  STATION 
LOSSES 

0.4  db 

RANGE 

STATUTE  - MILES 

Figure  10-3. — Ground  receiver  input  power — 
4170  Me. 


Andover  during  pass  1963.  The  expected 
value  of  received  carrier  power  is  also  plotted 
along  with  the  anticipated  variation  due  to 
spin  modulation.  The  assumptions  used  in 
the  calculations  are  given  in  Table  10-4. 

As  can  be  seen  from  Figure  10-3  two  ef- 
fects are  outstanding:  (1)  the  effect  of  spin 
modulation  varied  from  1 through  4 db 
during  the  pass,  and  (2)  as  mentioned  above, 
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the  average  received  carrier  power  meas- 
ured was  some  2 db  higher  than  anticipated, 
indicating  an  effective  radiated  power  2 
db  higher  than  assumed  in  the  computations. 


Table  10-4. — System  Constants 


1725  Me 

4170  Me 

Radiated  power.  _ 

Satellite  antenna  gain  at  90° 

+70  dbm 

40.7  dbm 

spin  angle - . . __  ___ 

0.0  db 

0 db 

Earth  station  antenna  gain 

+49.9  db 

57.6  db 

Misc.  satellite  losses - 

0.5  db 

0.5  db 

Misc.  ground  station  losses 

2.3  db 

0.4  db 

RADIATED  POWER 

70  dbm 

EARTH  STATION  ANTENNA 
GAIN 

49.9  db 

MISC.  GROUND  STATION 
LOSSES 

2.3  db 

SATELLITE  ANTENNA 
GAIN  AT  90°  SPIN  ANGLE 

0.1  db 

MISC.  SATELLITE 
LOSSES 

0.5  db 

Figure  10-4  is  a plot  of  the  satellite  input 
power  vs.  range  during  pass  1963.  The  ex- 
pected value  of  received  carrier  power  at  the 
satellite,  based  on  the  assumptions  given  in 
Table  10-4,  is  also  plotted  in  the  same  figure 
as  a straight  line  (the  loss  due  to  variations 
in  the  spin  angle  is  shown  as  a dashed  line) . 
In  general,  the  average  value  measured 
agreed  with  the  anticipated  average. 

BASEBAND  TRANSMISSION 

Although  only  typical  results  are  presented 
in  this  section  many  baseband  transmission 
measurements  were  made:  (1)  because  the 
nature  of  the  test  program  required  this 
data  as  an  auxiliary  to  other  data  being 
gathered,  and  (2)  because  the  experimental 
nature  of  the  station  required  that  many 
different  circuit  configurations  be  used. 

The  baseband  gain  vs.  frequency  character- 
istics for  various  loops  are  shown  in  Figure 
10-5  through  10-17.  Figures  10-5  through 
10-8  show  the  bandpass  characteristic  for 
the  test  trunks,  baseband  loop,  IF  loop,  and 
boresight  loop,  respectively.  Figure  10-9 
and  10-10  show  bandpass  characteristics  on 
the  satellite  loop  taken  at  different  times 
during  pass  1633.  These  figures  were  taken 
when  the  circuit  included  the  standard  FM 
receiver  and  its  associated  circuitry  without 


Figure  10-5. — Bandpass  characteristic- — transmit- 
ting test  trunk  #1  to  receiving  test  trunk  #2. 
Pass  1633—7/11/63. 
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Figure  10-6.— Bandpass  characteristic  — - standard 
receiver  baseband  loop — no  filters,  diplexers  or 
clampers. 


Figure  10-7. — Bandpass  characteristic  ^ standard 
receiver  IF  loop — no  filters,  diplexers  or  clampers. 


clampers,  diplexers  or  band-limiting  filters. 
Figures  10-9  and  10-10  taken  at  different 
times  during  the  pass  show  pronounced  peaks 
(s*  1 db)  centered  at  2.9  and  4.5  Me.  Com- 
paring these  figures  with  Figure  10-7  shows 
these  gain  deviations  are  attributable  to  the 
Relay  satellite.  In  general,  the  satellite  loop 
is  flat  to  within  1.5  db  out  to  6.0  Me. 

Figures  10-11  through  10-15  show  the 


Figure  10-8. — Bandpass  characteristic  — standard 
receiver  boresight  loop — no  filters,  diplexers  or 
clampers. 


Figure  10-9. — Bandpass  characteristic  — standard 
receiver  satellite  loop  — no  filters,  diplexers  or 
clampers.  Pass  1633 — 1800Z  time. 


bandpass  characteristics  for  the  baseband, 
IF  boresight  and  satellite  loops,  respectively 
when  using  the  FM  feedback  receiver  and 
its  associated  circuitry  without  clampers, 
diplexers  and  band-limiting  filters.  As  can 
be  seen  from  Figure  10-11  the  baseband 
loop  is  similar  to  that  used  with  the  stand- 
ard FM  receiver.  Figure  10-14  and  10-15 
show  the  bandpass  characteristic  of  the 
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Figure  10-10.— Bandpass  characteristic  — standard  Figure  10-12.— Baseband  characteristics— FM  re- 
receiver  satellite  loop  — no  filters,  diplexers  or  ceiver  IF  loop — no  filters,  diplexers  or  clampers, 
clampers,  pass  1633— 1806Z  time. 


Figure  10-11. — Bandpass  characteristic — FM  feed- 
back receiver  baseband  loop— no  filters,  diplexers 
or  clampers. 


Figure  10-13. — Baseband  characteristics  — FM  re- 
ceiver boresight  loop  — no  filters,  diplexers  or 
clampers. 


satellite  to  be  similar  to  that  of  the  IF  loop 
which  is  controlling. 

Figures  10-16  and'  10-17  show  the  band- 
pass characteristic  obtained  with  the  stand- 
ard and  FM  feedback  receiver  circuit  on  a 
baseband  loop  when  the  circuit  includes  the 
diplexers  and  3.5  Me  linear  phase  filters. 
As  can  be  seen  from  these  figures  the  3 db 
bandwidth  is  limited  to  about  3.5  Me  when 


sound  is  added  to  the  picture. 

The  Western  Electric  Video  Visual  Test 
Set  was  used  to  make  the  loop  measurements. 
The  set  operates  as  follows:  A low  level 
signal  (approximately  —20  dbm)  is  swept 
through  the  video  band  and  the  return  signal 
is  measured  for  gain  and  displayed  on  a 
scope  as  a function  of  frequency.  The  result 
is  then  photographed. 
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Figure  10-14. — Baseband  characteristics— FM  feed- 
back receiver  satellite  loop,  pass  1633,  1802Z  time 
— no  filters,  diplexers  or  clampers. 


Figure  10-15. — Bandpass  characteristic— FM  feed- 
back receiver  satellite  loop,  pass  1633,  1803Z 
time — no  filters,  diplexers  or  clampers. 


NOISE 

In  view  of  the  many  parameters  affecting 
the  system  baseband  noise  (e.g.,  satellite 
slant  range,  spin  angle,  satellite  input  power, 
ground  receiver  input  power,  noise  tempera- 
ture, etc.)  repeated  measurements  were  made 
to  insure  valid  data. 

Baseband  Noise  Spectrum 

Typical  measurements  made  from  the  test 
area  are  shown  in  Figure  10-18.  These  meas- 
urements were  made  using  the  FM  feedback 


Figure  10-16. — Baseband  characteristic  FM  feed- 
back receiver  baseband  loop,  diplexers  and  3.5 
Me  linear  phase  filters  included  in  the  circuit. 


Figure  10-17.' — Bandpass  characteristic  — standard 
receiver  baseband  loop — diplexers  and  3.5  Me 
linear  phase  filters  included  in  the  circuit. 


receiver  in  the  circuit  without  clampers, 
diplexers  or  band-limiting  filters.  Curves  1, 
2,  and  3 represent  the  noise  measured  on  the 
satellite  loop.  Curves  4 and  5 represent  the 
noise  measured  on  the  IF  and  baseband  loops, 
respectively.  All  curves  have  been  corrected 
for  the  transmission  characteristic  meas- 
ured. Curves  1,  2,  and  3 were  measured  at 
separate  times  and  at  different  slant  ranges 
indicating  the  increase  of  noise  with  range. 
These  curves  in  conjunstion  with  Curves  4 
and  5 show  the  contribution  of  the  baseband 
and  FM  terminals  to  the  noise  below  500  kc. 
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) . PASS  91 1 - FM  FEEDBACK  RECEIVER  - SATELLITE  LOOP  - 4/  9/63  - 3908  SM 

2.  PASS  974  - FM  FEEDBACK  RECEIVER  - SATELLITE  LOOP  - 4/1 7/63  - 3296  SM 

3.  PASS  973  - FM  FEEDBACK  RECEIVER  - SATELLITE  LOOP  - 4/17/63-  261 1 SM 

4.  PASS  973  - FM  FEEDBACK  RECEIVER  - IF  LOOP 

5.  PASS  973  - FM  FEEDBACK  RECEIVER  - BASEBAND  LOOP 


Figure  10  -18. — Baseband  noise  spectrum  FM 
feedback  receiver. 


Other  measurements  were  made  using  the 
standard  FM  receiver  in  the  circuit  without 
clampers,  diplexers  or  band-limiting  filters. 
The  results  of  these  measurements  made 
from  the  test  area  are  shown  in  Figure 
10-19.  Curves  1 and  2 represent  the  noise 
measured  on  the  satellite  loop  at  different 
times  and  different  ranges  and  Curves  3 and 
4 represent  the  noise  measured  on  the  base- 
band and  IF  loops,  respectively.  Curves  1 
and  2 show  the  effect  of  increasing  noise  with 
increased  range.  These  curves  in  eonjuc- 
tion  with  Curves  3 and  4 indicate  the  noise 
contribution  of  the  video  circuits  and  FM 
terminals.  Comparing  the  two  figures  (10-18 
and  10-19)  it  can  be  seen  that  the  baseband 
noise  is  about  the  same  in  both  cases  but  that 
the  IF  noise  measured  with  the  FM  feedback 
receiver  is  about  2.5  to  3.5  db  higher  through- 
out the  band. 

Curve  1 of  Figure  10-19  is  a plot  of  the 
noise  measured  at  01 :27Z  time  on  August 
30,  1963  on  pass  2017.  It  is  representative 
of  the  noise  spectrum  measured  at  about 
2-minute  intervals  during  the  pass.  At  that 


1 . PASS  2017  - STANDARD  FM  RECEIVER  - SATELLITE  LOOP  - 8/30/63  - 4081  SM 

2.  PASS  2103  - STANDARD  FM  RECEIVER  - SATELLITE  LOOP  - 9/10/63  - 2930  SM 

3.  PASS  2103  - STANDARD  FM  RECEIVER  - IF  LOOP 

4.  PASS  2103  - STANDARD  FM  RECEIVER  - BASEBAND  LOOP 

5.  THEORETICAL  TRIANGULAR  SPECTRUM  EXPECTED  FOR  PASS  2017 


Figure  10-19. — Baseband  noise  spectrum  standard 
FM  receiver. 


time  the  ground  receiver  and  satellite  input 
powers  measured  —84  ± 1 dbm  and  —55.9 
dbm,  respectively.  The  corresponding  calcu- 
lated values  based  on  the  constants  of  the 
system  noted  previously  in  Table  10-4  and 
including  a correction  to  take  into  account 
the  loss  due  to  the  effect  of  an  83.2°  spin 
angle  were  —84.4  ± 1.5  dbm  and  —56.1 
dbm,  respectively.  Using  the  calculated  val- 
ues of  received  carrier  powers,  assuming  a 
14  db  noise  figure  for  the  satellite,  and  a 
ground  receiver  noise  temperature  of  36.5° 
Kelvin,  the  computed  value  of  the  noise  at 
the  output  of  the  received  was  —54  dbm  in 
a 4 kc  band  centered  at  10  Me.  From  FM 
theory  the  noise  should  decrease  by  20  db 
per  decade  resulting  in  a noise  level  of  —74 
dbm  in  a 4 kc  band  centered  at  1 Me.  This 
corresponds  to  —68.8  dbm  when  measured 
at  the  test  area  rather  than  at  the  receiver 
output.  The  measured  value  at  the  test  point 
was  —68.8  dbm.  The  computed  noise  has 
been  plotted  as  a dashed  line  Curve  5 on 
Figure  10-19.  Curves  1 and  5 show  the 
anticipated  deviation  from  the  triangular 
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spectrum  since  in  practice  the  baseband 
noise  is  increased  at  low  frequencies  by  the 
contribution  of  the  baseband  video  and  FM 
terminal  circuits  and  the  noise  due  to  the 
satellite  carrier  supplies.  A slight  peak  is 
also  noticeable  at  about  3 me.  This  corre- 
sponds to  the  peak  in  the  transmission  char- 
acteristic of  the  satellite  noted  earlier. 

Telephone  Noise 

The  thermal  noise  in  the  channels  of  a 600 
channel  telephone  system  can  be  calculated 
from  the  baseband  spectrum.  In  the  calcu- 
lations made,  the  constants  in  Table  10-5 
were  assumed.  Since  the  transmission  level 

Table  10-5 


Average  talker  power  at  0 TL — 11  dbm 

Activity  factor  for  multichannel  telephony.  .... 0.25 

Average  power  in  a 600  channel  load  at  0 TL_„ + 10.8  dbm 

Peak  factor  for  600  channel  load .... 12  db 

Full  load  test  tone  at  0 TL_, +22.8  dbm 

Full  load  test  tone  in  test  area ... ^ ----- — 5.2  dbm 

Transmission  level  in  test  area.. —17.6  db  TL 

0 dbm  of  white  noise  in  a 3 kc  band 88  dbrn  C 


(TL)  at  the  test  area  is  —17.6  db,  the  noise 
measured  at  that  point  is  17.6  db  lower  than 
that  same  noise  measured  at  0 TL.  Further, 
since  the  noise  was  measured  with  the  37B 
Transmission  Measuring  Set  having  a 4 kc 
bandwidth,  the  level  must  be  reduced  by  1.2 
db  to  obtain  the  equivalent  noise  in  a 3.0  kc 
band  (the  assumed  bandwidth  of  the  actual 
telephone  channel).  Making  the  above  cor- 
rection and  converting  from  dbm  to  dbrn 
“C”  message  weighted,  the  thermal  noise 
expected  in  any  channel  may  be  determined 
from  the  baseband  noise  spectrum.  This  was 
done  for  eleven  different  channels  using  the 
CCITT  frequency  allocation  for  a 600  chan- 
nel system  and  for  the  conditions  that  pre- 
vailed during  pass  2017  as  noted  above  and 
shown  by  Curve  1 of  Figure  10-19. 

The  results  are  shown  in  Table  10-6. 

Television  Noise 

Video  Noise 

The  noise  in  the  video  channel  was  deter- 
mined from  the  baseband  noise  spectrum  by 
integration.  This  was  done  graphically  using 


Table  10-6. — Telephone  Channel  Noise  at  O TL 


Channel  § 

Group  # 

Super 
group  # 

Frequency 

Noise  dbrn 
“C”  mess.  wt. 

3 

5 

1 

96-100 

20.3 

X 

1 

1 

296-300 

26.0 

12 

5 

2 

548-552 

30.7 

1 

1 

3 

800-804 

33.6 

1 

1 

4 

1048-1052 

36.0 

1 

1 

5 

1296-1300 

37.9 

1 

1 

6 

1544-1548 

39.3 

1 

1 

7 

1792-1796 

40.6 

1 

1 

8 

2040-2044 

41.8 

1 

i 

9 

2288-2292 

42.9 

1 

l 

10 

2536-2540 

44.0 

the  baseband  noise  spectrum  plotted  as  Curve 
1 of  Figure  10-19.  The  unweighted  peak-to- 
peak  signal  to  RMS  noise  determined  was 
42.2  db.  The  applicable  curve  of  the  latest 
Bell  System  weighting  network  was  used  and 
the  weighted  peak-to-peak  signal  (1  volt 
peak-to-peak)  to  RMS  noise  was  calculated 
to  be  52.2  db.  The  data  for  the  baseband 
noise  spectrum  was  taken  on  pass  2017  at 
01:27Z  time  on  August  30,  1963.  At  that 
time  the  ground  receiver  and  satellite  input 
powers  calculated,  as  mentioned  previously, 
were  —84.4  ±1.5  dbm  and  —56.1  dbm,  re- 
spectively, and  the  noise  temperature  was 
36.5°K  at  the  input  to  the  ground  receiver. 
Using  these  values  and  a satellite  noise  figure 
of  14  db  in  the  following  expression : 


S 3 / * 


where 

fp_p  = peak-to-peak  satellite  to  ground  sig- 
nal frequency  deviation,  cps 
n .==  the  deviation  multiplication  factor  of 
the  satellite 

rf>r  = satellite  receiver  noise  density, 
watts/cps 

<f>g  = ground  receiver  noise  density, 
watts/cps 

S„  = satellite  received  power,  watts 
Sg  = ground  received  signal  power,  watts 

The  unweighted  peak-to-peak  signal  to 
noise  calculated  was  41.9  db  and  the  corre- 
sponding weighted  peak-to-peak  signal  to 
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noise  calculated  was  51.9  db.  This  compares 
with  the  measured  values  of  42.2  and  52.2 
db,  respectively. 

The  weighted  peak-to-peak  signal  to  RMS 
noise  was  measured  directly  on  many  passes 
during  the  period  of  the  tests.  Typical  meas- 
urements are  given  in  Table  10-7. 


Table  10-7 .—Video  Noise 


Rec. 

Time  Z 

Range 

statute 

miles 

Weighted 

Peak-to-peak  signal 

RMS  NOISE 

231 

STD 

15:15-15:37 

4650-3059 

52.8-54.4  db 

323 

STD 

10:32-10:56 

4863-4440 

51.0-52.0  db 

502 

STD 

10:47-11:08 

1 

4845-4192 

50.8-52.0  db 

These  measurements  are  also  plotted  against 
the  expected  theoretical  value  in  Figure 
10-20. 


Audio  Noise 

The  noise  in  the  audio  channel  associated 
with  television  transmission  was  measured 
using  the  Bell  System  8 kc  program  noise- 
weighting network  in  the  3A  noise  measur- 
ing set.  As  noted  earlier,  in  the  Relay  system, 
the  audio  portion  of  the  television  material 
is  multiplexed  on  the  baseband  video  signal 
and  the  composite  signal  is  used  to  frequency 
modulate  the  carrier.  The  quality  of  the 
audio  is  determined  in  part  by  the  thermal 
noise  present  in  the  channel. 

The  peak  signal  to  RMS  noise  ratio  meas- 
ured for  passes  642  and  880  is  plotted  in 
Figure  10-21  as  a function  of  range.  Also 
plotted  in  the  figure  is  the  expected  value 
of  peak  signal  to  RMS  noise  determined  as 
follows : 


Figure  10-20.— Video  signal-to-noise. 
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The  unweighted  peak  to  RMS  noise  ratio 
for  an  FM-FM  subcarrier  system  is : 


where 

<f>ac  = the  modulation  index  of 
the  audio  subcarrier  on  the 
carrier  from  satellite  to 
ground,  radians 

fpa  = peak  deviation  of  the  audio 
subcarrier,  cps 

fa.  = highest  audio  frequency, 
cps 

n,  4>s,  Ss,  4>g,  Se  = have  been  defined  on  page 
486. 

The  unweighted  peak  signal  to  RMS  noise 
ratio  is  decreased  by  some  4.8  db  when  pro- 
gram weighting  is  used  and  is  increased  by 


a factor  of  8.7  db  because  of  the  effect  of 
pre-emphasis  and  de-emphasis  as  computed 
from  the  following  expression.* 


where 

/x  = first  breakpoint  of  the  de-emphasis 
network  = 2.1  ke 
fa  = highest  audio  frequency,  cps 

The  measurements  on  pass  642  were  made 
with  the  standard  FM  receiver  in  the  cir- 
cuit while  those  on  pass  880  were  made  with 
the  FM  feedback  receiver  in  the  circuit.  All 
measurements  were  made  without  a video 
signal  present.  This  precludes  video  to  audio 
cross  modulation  which  adds  to  the  noise  in 
the  channel  as  discussed  later  in  this  chapter. 

*Mischa  Schwartz,  Information  Transmission, 
Modulation  and  Noise,  McGraw-Hill,  1959,  p.  309. 
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NONLINEARITY 

Repeated  measurements  were  made  of  the 
various  causes  of  distortion  in  the  FM  sys- 
tems to  insure  that  the  constants  of  the 
system  remained  stable.  Typical  results  are 
presented. 


Envelope  Delay  Distortion 

The  envelope  delay  distortion  discussed 
here  is  generated  in  the  IF  and  RF  circuitry 
of  the  system  and  causes  cross  modulation 
in  FM  systems.  Envelope  delay  distortion 
was  measured  by  the  two  frequency  sweep 
method,  using  the  standard  test  set  used  on 
TD-2  and  TH  radio  systems.  In  this  method 
the  carrier  is  swept  approximately  ±4  Me 
with  a 100  cps  sine  wave  applied  to  the  BO 
klystron  of  the  FM  deviator  so  that  the  out- 
put of  the  IF  is  swept  from  70  to  78  Me. 
Simultaneously  a 278  kc  sine  wave  is  ap- 
plied at  the  video  input  to  the  FM  deviator 
to  provide  a peak  deviation  of  about  80  kc. 
The  100  cps  and  278  kc  signals  are  recovered 
and  separated  at  the  FM  receiver  video  out- 
put. (Because  of  the  tripling  action  of  the 
satellite,  the  IF  sweep  on  the  down  path  is 
from  62  to  86  Me.)  The  100  cps  sine  wave 
is  used  for  horizontal  scope  deflection.  The 
278  kc  tone  which  has  been  phase  modulated 
by  the  transmission  delay  distortion  of  the 
system  is  compared  in  phase  with  a 278  kc 
crystal  controlled  oscillator  located  in  the 
delay  set  reciever.  The  crystal  controlled 
oscillator  is  phase  locked  to  the  long-term 
average  phase  of  the  received  278  kc  tone. 
The  phase  variations  are  used  for  vertical 
scope  deflection  with  a sensitivity  of  5 nano- 
seconds (nsec.)  per  small  division.  (At  278 
kc,  1 degree  is  equivalent  to  10  nsec.) 

Each  of  the  elements  shown  in  Figure 
10-1  contributes  to  the  total  envelope  delay 
distortion  (EDD)  of  the  system.  The  EDD 
is  mostly  parabolic  and  is  inherent  in  the 
bandpass  characteristic  of  the  system.  Using 
delay  equalizers  with  the  inverse  character- 
istic improves  the  cross  modulation  perform- 
ance of  the  system  for  telephone  operation 
and  differential  phase  for  TV  operation. 
Delay  equalizers  have  been  provided  for  the 


IF  loop.  The  loop  included  the  deviator,  FM 
receivers  and  the  ground  receiver  IF  am- 


Figure  10-22. — Envelope  delay  distortion  of  IF  loop. 


plifier  combination.  Figure  10-22  shows  that 
the  EDD  measured  on  the  IF  loops  is  neg- 
ligible. Figure  10-23  shows  the  envelope 
delay  distortion  measured  on  a satellite  loop 
on  pass  200,  January  8,  1963.  This  is  typical 
of  several  measurements  made  during  the 
testing  period.  In  this  case,  the  shape  of  the 
EDD  is  made  up  principally  of  about  45 
nsec  slope  and  30  nsec  of  parabola  across 
the  24  Me  band.  In  addition,  a ripple  of  5 
to  6 Me  period  and  about  10  nsec  duration 
peak  to  peak  appears  superimposed  on  the 
curve.  No  delay  equalization  has  been  pro- 
vided for  the  RF  portion  of  the  system  which 
includes  the  ground  transmitter,  the  satellite 
and  the  RF  portion  of  the  ground  receiver. 

Differential  Phase  and  Gain 

Differential  phase  is  a measure  of  the 
phase  nonlinearity  of  a system  over  the  RF 
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Figure  10-23. — Envelope  delay  distortion  of  satellite 
loop. 


bandwidth  corresponding  to  the  frequency 
deviation  of  the  picture  portion  of  the  video 
signal.  Differential  gain  is  a measure  of  the 
amplitude  nonlinearity  of  the  system  and  is 
due  primarily  to  the  baseband  nonlinearity. 

The  measurements  were  made  by  trans- 
mitting two  test  signals,  one  at  a low  fre- 
quency (15.75  kc)  adjusted  to  sweep  ±1 
Me  at  74  Me.  The  other,  a fixed  frequency 
at  3.58  Me  applied  at  a power  level  14  db 
below  that  of  the  low  frequency  signal.  The 


Figure  10-24. — Baseband  loop  differential  gain, 
standard  FM  receiver. 


Figure  10-25. — Baseband  loop  differential  phase, 
standard  FM  receiver. 


test  signals  were  applied  to  the  video  lines 
in  the  test  area.  At  the  receiving  end  of  the 
system,  the  15.75  kc  tone  drove  the  hori- 
zontal sweep  and  either  the  gain  or  phase 
variations  of  the  3.58  Me  tone  may  be  se- 
lected to  drive  the  vertical  sweep. 

Figures  10-24  and  10-25  show  the  differ- 
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ential  gain  and  phase  measured  on  the  base- 
band loop.  Figures  10-26  and  10-27  show 
the  differential  gain  and  phase  measured 
on  the  satellite  loop.  These  are  typical  of 
other  measurements  made  during  the  testing 
period.  As  can  be  seen  from  Figure  10-27 
the  differential  phase  was  high,  in  the  order 
of  45°.  However,  the  system  was  not  delay 
equalized  at  RF  and  since  the  differential 
phase  and  EDD  are  related,  delay  equaliza- 
tion would  reduce  the  amount  of  differential 
phase  in  the  system. 

Noise  Loading 

The  performance  of  a 600  channel  multi- 
plex telephony  system  can  be  approximated 


Figure  10-26.— Satellite  loop — differential  gain  pass 
339, 1/26/63 — standard  FM  receiver. 


Figure  10-27. — Satellite  loop — differential  phase, 
pass  339 — 1/26/63.  Standard  FM  receiver. 


by  a noise  loading  test.  For  this  test  a broad 
band  of  noise  from  60  to  2660  kc  was  trans- 
mitted from  the  test  area  at  power  levels 
varying  from  —7  to  —51  db.  Three  narrow 
band  stop  filters  centered  at  70  kc,  1248  kc 
and  2438  kc  prevent  the  signal  from  being 
transmitted  in  these  bands.  At  the  receiving 
end  of  the  circuit,  the  noise  in  a 3.1  kc  band 
centered  at  70  kc,  1248  kc  and  2438  kc  was 
measured  as  a function  of  the  transmitted 
power  level.  Noise  (cross  modulation  -f-  ther- 
mal noise)  was  then  plotted  as  a function  of 
the  RMS  deviation  of  a 0 dbm  test  tone  at 
0 toll  level.  The  constants  noted  in  Table 
10-5  are  applicable  to  the  calculations. 

Figures  10-28,  10-29,  and  10-30  show  the 
results  of  measurements  made  with  the 
standard  FM  receiver  without  pre-emphasis 
on  the  baseband,  IF,  and  satellite  loops.  The 
data  used  to  obtain  Figure  10-30  were  taken 
from  02:56:44  through  03:07 :45Z  time  on 


Figure  10-28. — Relay  pass  1963 — 600  channel  noise 
loading— baseband  loop. 
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Figure  10-29.— Relay  pass  1963 — 600  channel  noise 
loading — IF  loop. 


pass  1963.  At  03:03Z  time  the  range  was 
3144  statute  miles  and  the  spin  angle  was 
73.6°.  The  ground  receiver  and  satellite 
input  powers  calculated  using  the  constants 
given  in  Table  10-4  were  —82  and  —54.6 
dbm,  respectively. 

The  thermal  noise  calculated  for  a test 
tone  deviation  of  502  kc  was  35.8  dbRN  “C” 
message  weighted,  at  0 TL  at  the  center 
frequency  of  1248  kc.  The  measured  value 
of  the  thermal  noise  from  Figure  10-30  was 
35  dbRN  “C”  message  weighted.  The  total 
noise  measured  (cross  modulation  plus  ther- 
mal) was  38.8  dbRN  “C”  message  weighted. 
The  difference  on  a power  basis  represents 
the  cross  modulation  noise.  In  this  case  the 
cross  modulation  noise  was  36.5  dbRN  “C” 
message  weighted. 

Noise  loading  tests  using  the  FM  feedback 
receiver  were  conducted  on  pass  858.  The 


Figure  10-30.— Relay  pass  1963—600  channel  noise 
loading1 — satellite  loop. 


results  of  these  measurements  are  shown  in 
Figures  10-31, 10-32  and  10-33  representing 
measurements  made  on  the  baseband,  IF, 
and  satellite  loops  without  pre-emphasis. 
The  data  taken  for  Figure  10-33  were  taken 
at  about  04 :11Z  time.  At  that  time  the  range 
was  4006  statute  miles.  The  ground  receiver 
and  satellite  input  powers  calculated  using 
the  constants  given  in  Table  10-4  were  —84 
and  —56.6  dbm,  respectively.  The  thermal 
noise  calculated  for  a test  tone  deviation  of 
502  kc  was  38.3  dbRN  “C”  message  weighted 
at  0 TL  at  the  center  frequency  of  1248  kc. 
The  measured  value  of  the  thermal  noise 
from  Figure  10-33  was  40.5  dbRN  “C”  mes- 
sage weighted.  The  total  noise  measured 
(cross  modulation  plus  thermal)  was  42.5 
dbRN  “C”  message  weighted.  The  difference 
on  a power  basis  represents  the  cross  modu- 
lation noise.  In  this  case,  the  cross  modu- 
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Figure  10-31. — Relay  pass  858 — 600  channel  noise 
loading1 — baseband  loop. 


lation  noise  is  38.2  dbRN  “C”  message 
■weighted. 

Video  to  Audio  Intermodulation 

Audio  noise  measurements  were  previously 
discussed  for  the  condition  where  no  video 
signal  was  being  received.  When  video  ma- 
terial is  present,  the  audio  noise  increases 
due  to  cross  modulation  resulting  from  the 
nonlinearity  of  the  overall  system.  The  data 
taken  for  the  two  passes  previously  used  to 
discuss  audio  noise  is  given  in  Table  10-8. 
As  can  be  seen  from  the  data,  considerable 
degradation  in  the  audio  S/N  ratio  can  be 
attributed  to  the  presence  of  the  video  signal. 

TELEVISION  TEST  PATTERNS 

Typical  photographs  of  test  patterns  trans- 
mitted through  the  Relay  I satellite,  selected 
from  the  many  taken  on  various  passes,  are 


Figure  10-32. — Relay  pass  858 — 600  channel  noise 
loading — IF  loop. 


Table  10-8  —Video-to- Audio  Cross  Modulation 


Video  signal 

Pass  642 

Stanbard  receiver 
Peak  signal  ,, 
RMS  noise 
Program  weighted 

Pass  880 

FM  feedback  receiver 
Peak  signal  .. 
RMS  noise 
Program  weighted 

None . 

63.0 

59.0-64.0 

Monoscope_  _ 

58.0 

54.0 

Stairstep.... 

58.5 

57.0 

Sin2  pulse  and  window. 

57.0 

52.0 

Multiburst  _ 

59.0 

53.0 

presented  in  this  section.  Such  photographs 
afford  a means  of  rapidly  evaluating  satellite 
performance. 

FM  Feedback  Receiver 

Television  test  patterns  are  used  to  evalu- 
ate the  over-all  transmission  characteristics 
of  a satellite  system.  Relay  pass  880  was 
used  to  photograph  the  multiburst,  sine- 
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Figure  10-33.— Relay  pass  858 — 600  channel  noise 
loading— satellite  loop. 


squared  pulse,  stairstep,  window  and  mono- 
scope test  patterns  on  the  baseband,  IF  and 
satellite  loops.  The  FM  feedback  circuit  used 
included  video  clampers  and  audio  diplexing 
equipment.  No  video  pre-emphasis  or  band- 
limiting  filters  were  included  in  the  circuit. 
Table  10-9  is  an  index  of  (Figures  10-34 
thru  10-77).  This  table  lists  for  each  photo- 
graph the  type  of  signal,  the  loop  used,  the 
receiver  used  and  the  type  of  presentation 
and  sweep  rate  where  necessary.  It  can  be 
seen  from  the  photographs  that  no  appre- 
ciable degradation  of  the  signal  can  be 


Figure  10-34.— Oscilloscope  presentation  of  multi- 
burst test  pattern,  Andover  satellite  up  path. 


Figure  10-35. — Monitor  presentation  of  muitiburst 
test  pattern,  Andover  satellite  up  path. 


attributed  to  the  satellite  except  for  the  ex- 
pected noticeable  increase  in  noise.  The  band 
limiting  shown  by  the  multiburst  is  due  pri- 
marily to  the  audio  diplexing  equipment 
used.  Included  for  direct  comparison  are 
photographs  of  the  test  patterns  before  trans- 
mission. Both  oscilloscope  and  monitor  photo- 
graphs are  included. 
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Table  10-9. — Photographic  Index 
[ Relay  Pass  880 — April  5,  19631 


Figure  No. 

Type  of 
signal 

Circuit 

Receiver 

Monitor 

Oscilloscope 

Oscilloscope 

sweep 

10-34 

Multiburst 

Up  path 

V 

10-35 

« 

Up  path 

V 

10-36 

a 

BB  loop 

V 

10-37 

« 

BB  loop 

V 

10-38 

a 

IF  loop 

FMFB 

V 

10-39 

a 

IF  loop 

FMFB 

V 

10-40 

tt 

SAT  loop 

FMFB 

V 

10-41 

a 

SAT  loop 

FMFB 

V 

10-42 

Sin2 

Up  path 

V 

10-43 

« 

Up  path 

V 

10-44 

« 

BB  loop 

V 

10-45 

u 

BB  loop 

V 

10-46 

" 

IF  loop 

FMFB 

V 

10-47 

u 

IF  loop 

FMFB 

V 

10-48 

it 

SAT  loop 

FMFB 

V 

10-49 

ft 

SAT  loop 

FMFB 

V 

10-50 

Stairstep 

Up  path 

V 

10-51 

« 

Up  path 

V 

10-52 

« 

BB  loop 

V 

10-53 

tt 

BB  loop 

V 

10-54 

u 

IF  loop 

FMFB 

V 

10-55 

a 

IF  loop 

FMFB 

V 

10-56 

u 

SAT  loop 

FMFB 

V 

10-57 

tt 

SAT  loop 

FMFB 

V 

10-58 

Window 

Up  path 

V 

Line 

10-59 

tt 

Up  path 

V 

Field 

10-60 

it 

Up  path 

FMFB 

V 

10-61 

« 

BB  loop 

V 

Line 

10-62 

a 

BB  loop 

V 

Field 

10-63 

a 

BB  loop 

V 

10-64 

it 

IF  loop 

FMFB 

V 

Line 

10-65 

ft 

IF  loop 

FMFB 

V 

Field 

10-66 

« 

IF  loop 

FMFB 

V 

10-67 

it 

SAT  loop 

FMFB 

V 

Line 

10-68 

« 

SAT  loop 

V 

Field 

10-69 

u 

SAT  loop 

FMFB 

V 

10-70 

Monoscope 

Up  path 

FMFB 

V 

10-71 

« 

Up  path 

FMFB 

V 

10-72 

n 

BB  loop 

FMFB 

V 

10-73 

a 

BB  loop 

FMFB 

V 

10-74 

a 

IF  loop 

FMFB 

V 

10-75 

a 

IF  loop 

FMFB 

V 

10-76 

a 

SAT  loop 

FMFB 

V 

10-77 

u 

SAT  loop 

FMFB 

V 

1 

1 
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Figure  10-36.— Oscilloscope  presentation  of  multi-  PlGUKE  10-37.^ Monitor  presentation  of  a multiburst 

burst  test  pattern,  Andover  baseband  loop  satellite  test  Pattern>  Andover  baseband  loop  satellite  down 

down  path.  path. 


Figure  10-38. — Oscilloscope  presentation  of  multi-  Figure  10-39. — Monitor  presentation  of  multiburst 

burst  test  pattern,  Andover  IF  FMFB  loop  satel-  test  pattern,  Andover  IF  FMFB  loop  satellite 

lite  down  path.  down  path. 
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Figure  10-42. — Oscilloscope  presentation  of  sine  Figure  10-43. — Monitor  presentation  of  sine  squared 
squared  test  pattern,  Andover  satellite  up  path.  test  pattern,  Andover  satellite  up  path. 


Figure  10-44. — Oscilloscope  presentation  of  sine  Figure  10-45.— Monitor  presentation  of  sine  squared 

squared  test  pattern,  Andover  baseband  loop  satel-  test  pattern,  Andover  baseband  loop  satellite  down 

lite  down  path.  path. 


*1 


■■g 


HiHi 

sflliipl 


i§i 


v.  ;;i 


WM0M 


Figure  10-46.— Oscilloscope  presentation  of  sine  Figure  10-47.— Monitor  presentation  of  sine  squared 

squared  test  pattern,  Andover  IF  FMFB  loop  test  pattern,  Andover  IF  FMFB  loop  satellite 

satellite  down  path.  down  path. 
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Figure  10-48.— Oscilloscope  presentation  of  sine  Figure  10-49.— Monitor  presentation  of  sine  squared 

squared  test  pattern,  Andover  satellite  loop  satel-  test  pattern,  Andover  satellite  loop  satellite  down 

lite  down  path.  path. 


Figure  10-50. — Oscilloscope  presentation  of  stair  Figure  10-51. — Monitor  presentation  of  stair  step 
step  test  pattern,  Andover  satellite  up  path.  test  pattern,  Andover  satellite  up  path. 


Figure  10-52.— Oscilloscope  presentation  of  stair  Figure  10-53. — Monitor  presentation  of  stair  step 
step  test  pattern,  Andover  baseband  loop  satellite  test  pattern,  Andover  baseband  loop  satellite 

down  path.  down  path. 
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Figure  10-54. — Oscilloscope  presentation  of  stair  Figure  10-55. — Monitor  presentation  of  stair  step 
step  test  pattern,  Andover  IF  FMFB  loop  satellite  test  pattern,  Andover  IF  FMFB  loop  satellite 

down  path.  down  path. 


Figure  10-56.— Oscilloscope  presentation  of  the  stair  Figure  10-57. — Monitor  presentation  of  stair  step 

step  test  pattern,  Andover  satellite  loop  satellite  test  pattern,  Andover  satellite  loop  satellite  down 

down  path.  path. 
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Figure  10-60. — Monitor  presentation  of  window  test 
pattern,  Andover  satellite  up  path. 


Figure  10-58. — Oscilloscope  presentation  of  window 
test  pattern,  Andover  satellite  up  path. 


Figure  10-59. — Oscilloscope  presentation  of  window 
test  pattern,  Andover  satellite  up  path. 


Figure  10-61.— Oscilloscope  presentation  of  window 
test  pattern,  Andover  baseband  loop  satellite  down 
path. 


Figure  10-62. — Oscilloscope  presentation  of  window  Figure  10-63. — Monitor  presentation  of  window  test 
test  pattern,  Andover  baseband  loop  satellite  down  pattern,  Andover  baseband  loop  satellite  down 

path.  path. 
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Figure  10-68,- — Oscilloscope  presentation  of  window  Figure  10-69. — Monitor  presentation  of  window  test 
test  pattern,  Andover  satellite  loop  satellite  down  pattern,  Andover  satellite  loop  satellite  down  path, 
path. 


Figure  10-64.— Oscilloscope  presentation  of  window  Figure  10-65. — Oscilloscope  presentation  of  window 
test  pattern,  Andover  IF  FMFB  loop  satellite  down  test  pattern,  Andover  IF  FMFB  loop  satellite 

path.  down  path. 


Figure  10-66.— Monitor  presentation  of  window  test  Figure  10-67. — Oscilloscope  presentation  of  window 

pattern,  Andover  IF  FMFB  loop  satellite  down  test  pattern,  Andover  satellite  loop  satellite  down 

path.  path. 
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Figure  10-70. — Oscilloscope  presentation  of  mono- 
scope  test  pattern,  Andover  satellite  up  path. 


Figure  10-71.* — Monitor  presentation  of  monoscope 
test  pattern,  Andover  satellite  up  path. 


Figure  10-72. — Oscilloscope  presentation  of  mono- 
scope test  pattern,  Andover  baseband  loop  satellite 
down  path. 


Figure  10-73.*— Monitor  presentation  of  monoscope 
test  pattern,  Andover  baseband  loop  satellite  down 
path. 
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Figure  10-74.- — Oscilloscope  presentation  of  mono- 
scope  test  pattern,  Andover  IF  FMFB  loop  satel- 
lite down  path. 


Figure  10-75.— Monitor  presentation  of  monoscope 
test  pattern,  Andover  IF  FMFB  loop  satellite 
down  path. 


Figure  10-76. — Oscilloscope  presentation  of  mono- 
scope  test  pattern,  Andover  satellite  loop  satellite 
down  path. 


Figure  10-77. — Monitor  presentation  of  monoscope 
test  pattern,  Andover  satellite  loop  satellite  down 
path. 
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Standard  FM  Receiver 

Photographs  of  television  test  patterns 
were  taken  on  pass  2070.  The  circuit  used  in 
this  case  included  the  standard  FM  receiver, 
video  clampers  and  audio  diplexing  equip- 
ment. No  video  pre-emphasis  or  band-limit- 
ing filters  were  included  in  the  circuit.  Table 
10-10  is  an  index  of  Figures  10-78  thru 


10-109.  This  lists  the  figure  number,  the 
type  of  signal,  the  circuit  (the  baseband,  IF, 
boresight  or  satellite  loop) , the  receiver  and 
the  type  of  presentation.  Again  it  can  be 
said  that  no  appreciable  degradation  can  be 
attributed  to  the  satellite  and  that  the  band 
limiting  shown  by  the  multiburst  is  due  pri- 
marily to  the  audio  diplexing  equipment  used. 


Table  10-10.— Photographic  Index 
Relay  Pass  2070 — Test  Patterns 


Figure  No. 

Type  of 
signal 

Receiver 

Type  of 
circuit 

Monitor 

Oscilloscope 

10-78 

Monoscope 

Standard 

Baseband  loop 

V 

10-79 

« 

« 

« 

V 

10-80 

Multiburst 

a 

u 

V 

10-81 

u 

“ 

« 

V 

10-82 

Window 

.« 

ti 

■ 

V 

10-83 

« 

u 

« 

V 

10-84 

Stairstep 

u 

u 

V 

10-85 

a 

u 

u 

V 

10-86 

Monoscope 

tl 

IF  loop 

V 

10-87 

a 

“ 

u 

V 

10-88 

Multiburst 

tt 

tt 

V 

10-89 

« 

« 

it 

V 

10-90 

Window 

a 

it 

V 

10-91 

a 

u 

u 

V 

10-92 

Stairstep 

It 

ft 

V 

10-93 

« 

tt 

a 

V 

10-94 

Monoscope 

“ 

Boresight  loop 

V 

10-95 

« 

tl 

V 

10-96 

Multiburst 

a 

« 

V 

10-97 

« 

1 “ 

ii 

V 

10-98 

Window 

it 

tt 

V 

10-99 

a 

it 

u 

V 

10-100 

Stairstep 

u 

u 

V 

10-101 

a 

it 

a 

V 

10-102 

Monoscope 

u 

Satellite  loop 

V 

10-103 

u 

« 

V 

10-104 

Multiburst 

it 

.« 

V 

10-105 

u 

« 

'* 

V 

! 

10-106 

Window 

tl 

« 

V 

10-107 

« 

u 

u 

V 

10-108 

Stairstep 

it 

« 

V 

10-109 

« 

tl 

tt 

V 
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Figure  10-78. — Monoscope  pattern — standard 
receiver — baseband  loop. 


Figure  10-79. — Monoscope  pattern— standard 
receiver — -baseband  loop. 


Figure  10-80. — Multiburst  pattern— standard 
receiver— baseband  - loop. 


Figure  10-81. — Multiburst  pattern— standard 
receiver — baseband  loop. 
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Figure  10-82. — Window  pattern— standard 
receiver — baseband  loop. 


Figure  10-83. — Window  pattern — standard 
receiver — baseband  loop. 


Figure  10-84.— Stairstep  pattern — standard 
receiver— baseband  loop. 


Figure  10-85. — Stairstep  pattern- — standard 
receiver— baseband  loop. 
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Figure  10-86.— Monoscope  pattern — -standard 
receiver — IF  loop. 


Figure  10-88.— Multiburst  pattern — standard 
receiver — IF  loop. 


AT  ANDOVER,  MAINE 


507 


Figure  10-87.— Monoscope  pattern — standard 
receiver — IF  loop. 


Figure  10-89. — Multi  burst  pattern — standard 
receiver — IF  loop. 
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Figure  10-90. — Window  pattern — standard 
receiver — IF  loop. 


Figure  10-91.— Window  pattern — standard 
receiver — IF  loop. 


Figure  10-92. — Stairstep  pattern— standard 
receiver — IF  loop. 


Figure  10-93. — Stairstep  pattern — standard 
receiver — IF  loop. 
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Figure  10-96. — Multi  burst  pattern — standard 
receiver — boresight  loop. 


Figure  10-97. — Multiburst  pattern — standard 
receiver — boresight  loop. 
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Figure  10-98. — Window  pattern — standard 
receiver— boresight  loop. 


Figure  10-99.- — Window  pattern — standard 
receiver — boresight  loop. 


Figure  10-100. — Stairstep  pattern — -standard 
receiver — boresight  loop. 


Figure  10-101.— Stairstep  pattern— standard 
receiver — boresight  loop. 


Figure  10-102. — Monoscope  pattern — standard 
receiver — satellite  loop. 


Figure  10-103. — Monoscope  pattern — standard 
receiver— satellite  loop. 
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Figure  10-106. — Window  pattern— standard 
receiver— satellite  loop. 


Figure  10-107.— Window  pattern— standard 
receiver — satellite  loop. 


Figure  10-108. — Stairstep  pattern — standard  Figure  10-109. — Stairstep  pattern — standard 

receiver— satellite  loop.  receiver — -satellite  loop. 


512 


RELAt  I— PART  II 


TWO-WAY  TELEPHONY 

Tests  to  evaluate  two-way  telephony  per- 
formance require  coordination  of  many  meas- 
urements at  widely  separated  stations.  To 
insure  valid  data,  many  two-way  telephony 
tests  were  conducted  with  Pleumeur-Bodou, 
France,  and  Goonhilly  Downs,  England  dur- 
ing the  months  of  November  and  December 
of  1963.  Typical  results  are  presented  in 
Table  10-11. 

Insertion  Gain 

Insertion  gain  measurements  are  tabulated 
in  Table  10-11.  The  transmitting  station, 
pass,  and  the  date  are  also  listed.  The  data 
indicates  that  minor  adjustments  at  the  chan- 
nel banks  can  easily  correct  for  the  minor 
deviations  from  nominal  level. 

Channel  Noise 

Channel  noise  was  measured  during  the 
two-way  telephony  tests  conducted  with  Pleu- 
meur-Bodou, France  and  Goonhilly  Downs, 


England.  For  these  tests,  the  “L”  carrier 
multiplex  equipment  was  used  (60  to  108 
kc).  The  station  transmitting  frequencies 
and  the  deviations  used  are  listed  in  Tables 
10-1  and  10-2,  respectively.  Typical  noise 
measurements  made  on  the  baseband  loop 
are  tabulated  in  Table  10-12.  Noise  measure- 
ments made  during  the  pass  are  tabulated  in 
Table  10-13.  Also  included  in  Table  10-13 
is  the  date,  time  of  measurement,  cooperating 
station,  range,  spin  angle,  noise  tempera- 
ture, etc.  Using  these  constants  the  expected 
noise  channel  1 was  calculated  for  each  pass 
and  is  presented  in  Table  10-13.  The  average 
increase  in  noise  measured  over  that  which 
could  be  expected  with  an  ideal  triangular 
spectrum  was  5.7  db.  This  is  in  agreement 
with  the  5.0  difference  indicated  in  Figure 
10-19. 

intelligible  Crosstalk 

The  simultaneous  amplification  of  two  FM 
signals  in  a single  satellite  repeater  will  re- 


Table  10-11. — Insertion  Gain — db 


Pass  - - 

2613 

2621 

2644 

Channel  1 _ _ _ 

+0.5 

+0.0 

+0.5 

3 

+0.5 

+0.0 

5 

+0.1 

+0.0 

7 

+0.8 

—0.2 

9_ 

+0.5 

+0.6 

11 

+0.5 

-0.2 

Station. 

COMBOD 

COMHIL 

COMBOD 

Date.  _ 

11-14-63 

11-15-63 

11-18-63 

2652 

2761 

2768 

2776 

2784 

+0.2 

+0.2 

+0.0 

+0.4 

+0.1 

+0.0 

+0.1 

-0.1 

+0.2 

+0.0 

+0.0 

+0.2 

-0.5 

+0.2 

-0.4 

-0.5 

+0.0 

+0.3 

-0.1 

+0.3 

+0.4 

+0.6 

+0.0 

+0.7 

+0.1 

-0.5 

+0.0 

+0.0 

+0.0 

+0.0 

COMHIL 

COMHIL 

COMBOD 

COMHIL 

COMBOD 

11-19-63 

12-3-63 

12-4-63 

12-5-63 

12-6-63 

Table  10-12. — Baseband  Loop  Noise 
DBRN*  at  O Toll  Level 


Pass 

2613 

2621 

2644 

2652 

2761 

2768 

2776  ^ 

2784 

Channel  1__  _ 

27.5 

24.0 

25.0 

24.0 

24.0 

25.0 

24.0 

24.5 

3_ 

27.5 

24.5 

25.0 

25.0 

25.0 

25.0 

24.0 

24.0 

5. 

29.5 

25.0 

25.5 

25.5 

26.0 

26.0 

25.0 

25.5 

7 

28.5 

25.0 

25.0 

25.5 

26.0 

28.0 

26.0 

26.0 

9 

30.0 

25.0 

25.0 

25.0 

26.0 

27.0 

26.0 

26.0 

11 

29.5 

24.5 

25.0 

25.0 

25.5 

29.0 

25.0 

25.5 

*MC'Message  Weighted 
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Table  10-13. — Satellite  Noise — Andover 
\_Dbrn*  at  O toll  level] 


Pass _ 

2613 

2621 

2644 

2652 

2761 

2768 

2776 

2784 

Channel  1 ______ 

30.0 

30.0 

32.0 

29.0 

33.0 

31.0 

30.5 

30.5 

3 

30.0 

29.5 

30.0 

28.5 

32.0 

31.0 

30.5 

30.5 

5__ 

30.0 

29.0 

33.0 

28.5 

32.0 

31.0 

30.0 

30.0 

7 

30.5 

29.0 

30.5 

28.5 

32.0 

30.0 

29.0 

30.0 

9 

31.5 

28.0 

32.5 

27.5 

31.0 

31.0 

28.0 

31.0 



32.0 

28.0 

30.5 

27.0 

31.5 

31.0 

27.5 

30.5 

Date  ___  ___ 

11-14-63 

11-15-63 

11-18-63 

11-19-63 

12-3-63 

12-4-63 

12-5-63 

12-6-63 

TimeZ__  

15:17 

15:54 

14:52 

15:33 

15:53 

13:14 

14:01 

14:50 

Cooperating  station 

COMBOD 

COMHIL 

COMBOD 

COMHIL 

COMHIL 

COMBOD 

COMHIL 

COMBOD 

COMBOD  or  COMHIL: 

Range-statute  mi 

6040 

6690 

6050 

6360 

6040 

5950 

5760 

5580 

Spin  angle _ _ 

79.4° 

73.8° 

68.8° 

69.9° 

64.5° 

65.7° 

63.4° 

62.4° 

ANDOVER: 

Range-statute  mi 

4268 

4485  j 

4330 

4361 

4096 

4516 

4359 

4089 

Spin  angle 

46.0° 

54.1° 

45.2° 

47.4° 

40.1° 

41.7° 

38.3° 

37.5° 

Noise  temp. — °K 

31.5° 

37.0° 

34.0° 

36.0° 

91.0° 

52.0° 

33.5° 

31.0° 

SATELLITE: 

i 

Trans,  power  

Noise  figure.  

33.7  dbm 
14.0  db 

Channel  1 noise  calcu- 
lated assuming  a 

triangular  spectrum  _ _ 

24.9 

25.2 

24.9 

25.3 

25.8 

25.5 

23.9 

24.9 

*“C”  Message  Weighted. 


suit  in  crosstalk  from  one  carrier  to  another. 
The  mechanism  is  such  that  with  reduced 
circuit  noise,  intelligible  crosstalk  will  occur 
from  a particular  telephone  channel  on  one 
carrier  to  the  corresponding  channel  on  the 
other  carrier.  No  difficulty  was  actually  en- 
countered in  the  two-way  telephony  tests 
conducted  to  determine  the  crosstalk  loss. 
One  such  test  was  conducted  on  Relay  pass 
819.  The  tests  were  run  from  03 :51  through 
04:14Z  time  on  March  28,  1963. 

The  data  taken,  along  with  the  results 


obtained,  are  given  in  Table  10-14.  The 
conditions  under  which  measurements  were 
made  are  also  tabulated.  The  signal  to  cross- 
talk level  is  tabulated  along  with  the  signal 
to  noise  level.  The  data  indicate  that  the 
crosstalk  level  is  not  a function  of  the  devia- 
tion but  that  it  is  a function  of  frequency. 
The  crosstalk  increases  at  about  6 db  per 
octave  of  frequency  regardless  of  the  devia- 
tion used.  The  signal  to  crosstalk  level  is 
minimum  at  400  kc  and  was  measured  at 
33.6  db. 
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Table  10-14. — Relay  Pass  819— Intelligible  Crosstalk 


Time  Z 

And 

trans 

Bod 

trans 

dev 

And 

trans 

freq 

And 

rec 

And 

rec 

freq 

37B 

Freq 

kc 

TMS 

Level 

dbm 

Signal  to 
crosstalk 
level 

Signal  to 
noise 
level 

03:51 

100  kc 

CC 

1 Me 

1726.67 

69  Me 

1723.33 

100  kc 

-64.8 

44.8 

52 

100  kc 

« 

<< 

a 

79  Me 

u 

« 

-20.0 

53 

cc* 

« 

a 

u 

69  Me 

a 

It 

-75.4 

55.4 

54 

cc 

« 

u 

« 

79  Me 

a 

it 

-75.4 

55 

200  kc 

« 

a 

« 

69  Me 

it 

200  kc 

-59.0 

39.1 

56 

200  kc 

tt 

u 

« 

79  Me 

u 

u 

-20.1 

57 

CC 

« 

it 

a 

69  Me 

it 

tt 

-76.5 

56.4 

58 

cc 

« | 

a 

u 

79  Me 

tt 

it 

-75.2 

59 

400  kc 

« 

u 

« 

69  Me 

it 

400  ke 

-54.2 

33.6 

04:00 

400  kc  I 

« 

u 

« 

79  Me 

ti 

ft 

-20.6 

01 

CC 

tt  i 

it 

a 

69  Me 

u 

tt 

-72.0 

51.4 

02 

cc 

« 

it 

it 

79  Me 

“ 

tt 

-70.6 

03 

100  kc 

tt 

500  kc 

tt 

69  Me 

u 

100  ke 

-71.2 

45.2 

04 

100  kc 

« 

“ 

tt 

79  Me 

u 

tt 

-26.0 

05 

CC 

tt 

tt 

tt 

69  Me 

tt 

n 

-78.3 

52.3 

06 

cc 

« : 

a 

tt 

79  Me 

tt 

u 

-76.3 

07 

200  kc 

tt 

it 

u 

69  Me 

u 

200  kc 

-65.5 

39.2 

08 

200  kc 

tt 

it 

tt 

79  Me 

tt 

U 

-26.3 

09 

CC 

tt 

it 

“ 

69  Me 

tt 

tt 

-75.6 

49.3 

10 

cc 

« 

it 

a 

79  Me 

« 

tt 

-74.4 

11 

400  kc 

it 

it 

u 

69  Me 

a 

400  kc 

—61.0 

35.2 

12 

400  kc 

u 

it 

tt 

79  Me 

tt 

a 

-26.8 

13 

CC 

it 

a 

it 

69  Me 

u 

it 

-71.9 

45.1 

14 

cc 

« 

it 

ft 

79  Me 

it 

400  kc 

-70.1 

*CC  — Complementary  Channel. 


Author.  This  chapter  was  written  by  R, 
E.  Blatz  of  the  Bell  Telephone  Laboratories, 
Inc.,  Murray  Hill,  New  Jersey,  U.S.A.  under 
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The  Nutley  Ground  Station 


INTRODUCTION 

In  1960,  a Space  Communications  Station 
was  placed  in  service  on  the  grounds  of  the 
ITT  Federal  Laboratories  in  Nutley,  New 
Jersey.  This  station  was  a company-funded 
research  facility  intended  to  evaluate  the 
feasibility  of  using  Moon-echo  and  repeater- 
satellite  relays  as  a means  of  establishing 
intercontinental  communications  on  a com- 
mercial basis. 

Communication  and  analytical  tests  were 
the  two  broad  classes  of  experiments  con- 
sidered in  establishing  basic  station  require- 
ments. For  the  analytical  tests,  the  station 
was  equipped  to  measure  and  record  fre- 
quency, power,  and  modulation. 

For  the  communication  tests,  transmitters, 
receivers,  and  traffic  terminal  equipment 
were  installed.  These  were  compatible  with 
several  existing  and  planned  satellites,  in- 
cluding the  moon.  As  indicated  in  Figure 
11-1,  the  transmitter  power  required  for 
active  satellites  is  normal,  ranging  from  0.1 
to  10  watts  per  voice  channel.  However,  to 
accommodate  passive  satellites  such  as  the 
moon  for  store  and  forward  teleprinter 
transmission,  considerably  higher  powers  are 
required.  Further,  economical  antenna  size 
requires  transmitters  of  higher  power  than 
indicated  by  the  active-satellite  analysis.  For 
these  reasons,  a 10-kilowatt  transmitter  and 
a 40-foot  (12.2-meter)  antenna  were  se- 
lected. 


PARTICIPATION  IN  PROJECT  RELAY 

Early  in  1961,  ITTFL  was  invited  by 
NASA  to  participate  in  the  Project  Relay 
communication  satellite  program.  To  accept 
this  invitation,  modifications  were  required 
to  make  the  station  compatible  with  the 
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Relay  system  requirments  as  detailed  in  the 
NASA  “Relay  Ground  Station  Requirements 
Rl-0240.” 

The  following  sections  contain  a descrip- 
tion of  the  ITTFL  Space  Communications 
Research  Station  as  modified  for  Project 
Relay. 

STATION  DESCRIPTION 

There  are  6 major  equipment  categories  in 
the  ground  station:  transmiter,  communica- 
tion receiver,  terminal  equipment,  antenna 
and  tracking  system,  coordinating  facilities, 
and  special  test  equipment. 

Transmitter 

The  transmitting  system  includes  the  local 
oscillator,  frequency  modulator,  and  10-kilo- 
watt power  amplifier.  The  local  oscillator 
and  frequency  modulator  are  part  of  an 
ultra-high-frequency  exciter  similar  to  the 
one  used  in  the  Courier  satellite  program. 
The  local  oscillator  uses  a vacuum-tube  mul- 
tiplier chain  to  generate  a frequency  TO  Me 
above  the  required  carrier  frequency  from 
an  oven-controlled  crystal  accurate  to  5 parts 
in  10®.  The  frequency  modulator  generates 
a 70  Me  carrier  with  a peak-to-peak  devia- 
tion of  up  to  2 Me.  A 12-channel  pre-em- 
phasis network  that  meets  the  requirments 
of  the  International  Consulting  Committee 
on  Radio  (CCIR)  is  included  in  the  modu- 
lator input  circuit. 

The  exciter  is  also  used  at  2300  Me  for 
moon  reflection  experiments  with  the  sub- 
stitution of  an  appropriate  oven-controlled 
crystal. 

The  power  amplifier  uses  a Varian  type- 
800E  klystron  to  generate  a continuous-wave 
output  of  10  kilowatts  from  the  50-milliwatt 
carrier  input.  To  minimize  local  interference 
and  satisfy  the  Relay  system  requirement 
for  harmonic  content  of  the  transmitter  out- 
put, a 3-Gc  low-pass  filter  was  inserted  in 
the  waveguide.  The  output  frequency  of 
the  power  amplifier  is  1723.33  Me  for  Relay 
experiments.  The  klystron  is  connected  to 
the  antenna  by  WR-430  waveguide  through 
wideband  rotary  joints  and  operates  within 


the  band  from  1720  to  2400  Me.  The  wave- 
guide system  is  pressure  dehydrated  at  0.5- 
pound  per  square  inch  gauge.  Power  is  ra- 
diated with  right-hand  circular  polarization 
for  Relay  and  linear  or  circular  polarization 
for  moon  reflection  experiments. 

The  transmitter  output  can  be  switched 
to  water-cooled  dummy  load  for  testing  and 
for  standing  by.  The  power  amplifier  is  de- 
signed to  turn  on  semi-automatically  and  has 
fully  automatic  fault  detection  and  protec- 
tive action. 

Communication  Receiver 

Performance  characteristics  for  the  Relay 
communication  receiver  are  given  in  Table 
11-1, 


Table  11-1  —Communication  Receiver  Performance 


Relay  experiment  frequencies  in  Me  

4165  and  4175 

System  noise  temperature  in  degrees  Kelvin  - _ 

360 

Intermediate  frequencies  in  Me  _ 

60  and  70 

Carrier-to-noise  ratio  at  threshold  in  db  _ _ 

7.2 

Intermediate-frequency  peak-to-peak  deviation  in  Me 

1.2 

Acquisition  range  in  Kc ---  — -- 

+ 800 

Baseband  width  in  Kc  

0.3  to  400 

Inter  modulation  noise-power  ratio  in  db  (12  channels) 

50 

The  equipment  used  with  Relay  includes 
a parametric  amplifier  and  a dual  commu- 
nication receiver.  The  parametric  amplifier 
with  its  associated  mixer-preamplifier  and 
local  oscillator  is  mounted  in  an  air-condi- 
tioned enclosure  close  to  the  apex  of  the 
40-foot  paraboloidal  reflector.  This  mini- 
mizes the  length  of  waveguide  between  feed 
and  amplifier  and  eliminates  loss  rotary 
joints.  As  a result,  the  system  noise  tem- 
perature is  360  degrees  Kelvin.  The  para- 
metric amplifier  and  its  mixer-preamplifier 
have  a combined  1-decibel-down  bandwidth 
of  14  Me,  centered  at  4170  Me.  Thus  both 
carriers,  one  at  4165  and  the  other  at  4175 
Me,  can  be  accommodated  without  band 
switching.  The  local-oscillator  frequency  is 
4105  Me,  giving  intermediate  frequencies 
of  60  and  70  Me  after  conversion.  These  are 
supplied  to  the  dual  communication  receiver 
where  they  are  separated  and  then  amplified. 
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Demodulation  takes  place  in  a phase-locked 
loop  and  a wideband  limiter-discriminator. 

Terminal  Equipment 

The  terminal  equipment  (Figure  11-2)  in- 
cludes multiplex,  recorders,  signal  gener- 
ators, meters,  and  patching  facilities. 

The  multiplex  equipment  is  a 24-channel 
unit.  Presently,  only  the  12-channel  group 
from  12  to  60  Kc  is  in  use  for  Project  Relay. 

A 7-track  Ampex  recorder  will  respond 
directly  to  frequencies  as  high  as  50  Kc. 
Using  a frequency  modulation  subcarrier,  it 
will  record  signal  frequencies  as  high  as  4 
Kc.  The  Ampex  was  used  to  record  experi- 
mental data  for  later  analysis. 

An  8-channel  Sanborn  recorder  registers 
antenna  pointing  errors,  received  signal 
strengths,  and  other  pertinent  data. 

For  teleprinter  experiments,  3 audio-fre- 
quency-tone  keyers  with  matching  demodu- 
lators are  used.  The  keyers  can  be  operated 
from  a keybord  or  a punched-tape  reader. 
The  demodulators  can  supply  either  of  two 
page  printers  or  a tape  punch. 

To  handle  telephone  conversations  via  the 
satellite,  eight  2-wire  telephone  lines  are 
connected  to  the  multiplex  equipment  through 
4-wire  terminations. 

A 4-wire  data  line  connects  the  station  at 
Nutley  to  American  Cable  and  Radio  Cor- 
poration in  New  York  City.  This  link  is  used 
for  high-speed  data-transmission  experi- 
ments and  multichannel  teleprinter  experi- 
ments with  the  satellite. 

Antenna  and  Tracking  System 

The  antenna  and  tracking  system  may  be 
divided  into  the  following: 

• Antenna  structure 

• Servo  control  system 

• Automatic-tracking  receiver 

The  antenna  uses  a 40-foot  (12.2-meter) 
paraboloidal  reflector  with  a Cassegrainian 
feed  system.  The  horns  are  located  at  the 
apex  of  the  reflector  and  can  be  replaced  or 
supplemented  for  transmission  at  either  6 or 
8 Gc.  A hyperboloidal  secondary  reflector 
provides  a virtual  focus  near  the  apex.  An 


air-conditioned  microwave-electronics  pack- 
age is  mounted  close  to  the  horn  structure 
and  moves  with  the  antenna.  Table  11-2 
summarizes  the  performance  of  the  antenna 
and  tracking  system. 

The  tracking-receiver  and  communication- 
receiver  front  ends  are  mounted  in  the  micro- 
wave-electronics package.  All  receiver 
frequencies  are  converted  to  an  intermediate 
frequency  of  60  or  70  Me  before  they  leave 
the  microwave-electronics  package.  In  addi- 
tion, there  is  space  for  a 10-kilowatt  power 
amplifier  covering  the  6-Gc  band. 

Two  feed  systems  are  presently  in  use.  One 
is  the  2-horn  transmitting  feed.  The  other 
is  a 4-horn  monopulse  receiving  system  with 
three  outputs.  Of  the  three  outputs,  one  is 
the  sum  of  the  outputs  from  all  4 horns  and 
the  other  two  are  the  algebraically  derived 
evaluation  and  azimuth  difference  outputs, 
which  are  used  in  a simultaneous  amplitude- 
comparison  technique  to  generate  antenna 
pointing-error  information.  The  sum  output, 
at  4165  and  4175  Me,  goes  to  the  communica- 
tion-receiver parametric  amplifier  through 
one  arm  of  a diplexing  filter  and,  at  4080  Me, 
to  the  tracking-receiver  sumehannel  mixer 
through  the  second  arm  of  the  filter  The  two 
difference  outputs,  at  4080  Me,  go  directly 
to  their  respective  difference-channel  mixers 
with  no  preamplification.  The  noise  figure 
of  the  mixer  and  intermediate-frequency 
preamplifier  is  8 decibels. 

To  obtain  an  acquisition  sensitivity  at  4080 
Me  of  —128  decibels  referred  to  1 milliwatt, 
the  sum  or  reference  signal  is  detected  in  a 
narrowband  phase-locked  loop  centered  at 
9.8  Me.  A quadrature  phase  detector  pro- 
vides automatic  gain  control. 

The  phase-locked  oscillator  in  the  sum 
channel  acts  as  the  local  oscillator  for  all 
three  channels  of  the  tracking  receiver, 
thereby  reducing  frequency-modulation  noise 
in  the  difference  channels.  Coherent  detec- 
tion with  post-detection  filtering  to  10  cps  is 
used  in  the  difference  channels  to  achieve  a 
low-noise  tracking  error  signal. 

The  antenna  is  driven  along  each  axis  of 
its  mount  by  a pair  of  contrarotating  con- 
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Table  11-2. — Antenna  and  Tracking  System  Performance 


Tracking  system  , Antenna  characteristics  (continued) 


Operational  modes 

Automatic  (normal  or  rate 

Gain  in  decibels: 

memory)  and  manual 

Transmit  (1725  Me) - _ _ 

38.4  ±1.0 

tracking 

Receive  (4080  Me) 

49.1  ±0.8 

Maximum  rates  along  each  axis  in 

Beamwidth  at  3-decibel-down  points 

degrees  per  second 

10 

in  degrees: 

Maximum  accelerations  along  each 

Transmit - 

1 

axis  in  degrees  per  second  per  second 

6 

Receive-  _ . . . _ _ _ ; 

0.45 

Maximum  operational  wind  speed  in 

Side  lobes  in  decibels: 

miles  per  hour 

35  (with  gust  factor  of  1.25) 

First-order.  . . . 

Tracking  accuracy  along  each  axis  in 

High-order  (beyond  4th) ... 

—30  or  lower 

degrees: 

Polarization 

Circular  (right-hand  or 

Automatic  tracking 

0.10 

left-hand  or  linear) 

Programmed  tracking 1 

0.10 

10 

Angle-tracking  receiver: 

Antenna  control: 

Signal  frequency  in  megacycles 

Boresight  collimation  in  degrees 

0.05 

per  second. 

4080 

Tracking  accuracy  in  degrees 

0.1  (3<r  error) 

Local-oscillator  frequency  in 

Static  pointing  accuracy  in  degrees 

0.2  (3  * error) 

megacycles  per  second 

4010 

Maximum  tracking  speed  in  degrees  1 

Intermediate  frequency  in 

per  second ...  _ 

10 

megacycles  per  second - 

70 

Maximum  angular  acceleration  in 

Mixer  type 

Crystal,  nonlinear  resistance 

6 

Conversion  loss  in  decibels 

10 

Minimum  tracking  speed  in  degrees 

Noise  figure  in  decibels 

8 

per  second 

0.01 

Average  signal  level  in  decibels 

Maximum  operational  wind  speed  in 

referred  to  1 milliwatt ..  

-120 

35 

Local-oscillator  signal  level  in 

Operation  modes. 

Manual 

milliwatts  _ 

1 

Beacon  automatic  tracking 

Bandwidth  in  megacycles  per  second  _ 

2 

with  acquisition  scan 

Impedance  level  in  ohms-. - . 

50 

Programmed  tracking 

Minimum  isolation  in  decibels 

Rate  memory  and 

between  signal  and  local  oscillator 

reacquisition 

circuits 

30 

Spurious  output  in  decibels  ..  

-60 

Frequency  search  modes.  - ■ 

Open  loop,  manual;  closed 

VHF  beacon  receiving  system 

loop,  manual;  closed  loop, 

automatic 

Frequency  search  characteristics: 

Very-high-frequency  receiver: 

Maximum  excursion  in  kilocycles 

Operating  frequency  in 

per  seennd 

150  manual;  200  automatic 

megacycles  per  second. . ..  

55  to  260 

Maximum  rate  in  megacycles  per 

Noise  figure  in  decibels 

6 

second  per  second 

1.5  (automatic) 

Intermediate-frequency-bandwidth 

in  kilocycles  per  second . 

50 

Image  rejection  in  decibels 

45 

Dynamic  range  in  decibels  ... 

60 

Very-high-frequency  antenna: 

Antenna  characteristics 

Frequency  range  in  megacycles 

per  second . 

135  to  138  (receive  only) 

Gain  in  decibels  (at  136  megacycles 

Communications  antenna: 

per  second) — 

+ 16 

Reflector  diameter  in  feet  (meters)  _ 

40  (12.2) 

Bandwidth  in  degrees  (at  136 

megacycles  per  second) 

20 

Mount—  ... ... 

Elevation  over  azimuth 

Side  lobes  in  decibels: 

Frequency  range  in  megacycles 

First-order 

— 15  or  lower 

per  second: 

Higher-order  (beyond  4th) 

— 30  or  lower 

1710  to  2300 

Polarization  . 

Circular  (right-hand  or 

Receive 

4000  to  4200 

1 

left-hand  or  linear) 

stant-speed  alternating-current  motors  with 
eddy-current  clutches  on  their  output  shafts. 
A 2-speed  synchro  system  provides  high- 
accuracy  position  feedback  with  a static 
pointing  accuracy  of  ±4  minutes  of  are. 

A very-high-frequency  receiver  is  avail- 


able to  acquire  a 136-Mc  beacon  signal  from 
a satellite  before  line-of -sight  acquisition  is 
achieved.  Orbit  prediction  accuracy  has 
made  the  receiver  superfluous  at  Nutley  since 
very  reliable  acquistion  has  been  possible  at 
the  4 kMc  beacon  frequency.  However,  the 
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very-high  frequency  technique  is  being  stud- 
ied for  application  to  mobile  and  transport- 
able stations  in  uncharted  areas. 

The  very-high-frequency  antenna  is  a 
crossed  dipole  mounted  in  front  of  the  6-foot 
(1.8  meter)  secondary  reflector.  This  prox- 
imity to  the  primary  focus  of  the  40-foot 
(12.2  meter)  paraboloid  yields  a gain  of  16 
decibels  at  the  beacon  frequency. 

Coordinating  Facilities 

Coordinating  facilities  are  used  mainly 
during  satellite  passes  to  regulate  operations 
with  other  stations  and  National  Aeronautics 
and  Space  Administration  headquarters. 
These  include  the  following: 

1.  The  communication  control  console, 
which  allows  its  operator  to  turn  the  exciter 
on  and  off,  to  insert  test  signals  into  the 
system  before  a pass,  to  monitor  received 
signal  strength  and  receiver  phase  lock,  and 
to  turn  the  paper  recorder  on  and  off.  It 
also  has  a 24-hour  digital  clock  indicating 
universal  time. 

2.  An  intercommunication  and  public-ad- 
dress  system. 

3.  A tape  recorder  for  the  intercommuni- 
cation system, 

4.  A telephone  handset  connected  to  one 
of  the  multiplex  channels  during  a pass  to 
coordinate  experiments  with  the  remote  sta- 
tion. 

5.  A direct  telephone  link  to  NASA/GSFC 
for  real-time  test  coordination. 

Special  Test  Equipment 

A test  mode  generator  provides  a signal 
at  4080  Me  to  check  tracking-receiver  opera- 
tion. Also,  when  supplied  with  a 1723-Mc 
communication  signal,  it  produces  an  output 
at  either  4165  or  4175  Me  having  three  times 
the  frequency-modulation  deviation  of  the 
input  signal,  for  testing  the  dual  communica- 
tion receiver.  These  signals  are  coupled  di- 
rectly to  the  three  antenna  outputs  by 
directional  couplers  to  simulate  received  sig- 
nals in  the  presence  of  antenna  noise. 

A replica  of  the  equipment  in  the  Relay 
satellite  is  mounted  on  the  88th  floor  of  the 


Empire  State  Building  in  New  York  City 
with  receiving  and  transmitting  antennas 
oriented  toward  Nutley.  This  enables  a com- 
plete system  check,  including  performance  of 
the  dynamic  tracking  system,  receiver  sys- 
tem, and  modulator-transmitter. 

STATION  APPLICATIONS 

Initially,  the  ground  station  (Figure  11-3) 
was  used  in  tracking  and  acquisition  experi- 


Figure  11-3. — Basie  medium  capacity  facilities. 


ments,  and  in  communication  experiments 
using  the  moon  as  a passive  reflector.  At 
present,  under  contract  to  the  National 
Aeronautics  and  Space  Administration,  the 
station  operates  as  a medium  capacity  ex- 
perimental communication  terminal  with  the 
Relay  satellite.  To  meet  the  requirements  of 
this  program,  the  station  has  been  modified 
and  expanded.  Frequencies  have  been 
changed  and  telemetry,  command,  and  con- 
trol added  (the  latter  government  supplied) . 
The  expanded  station  is  shown  in  Figure 
11-4. 

Station  Facilities  and  Equipment 

The  equipment  available  at  the  Nutley  sta- 
tion for  performing  experiments  and  carry- 
ing out  demonstrations  includes  internal  test 
equipment,  outside  telephone  lines,  and  equip- 
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Figure  11-4. — Project  Relay  communication  terminal. 


ment  located  at  American  Cable  and  Radio 
in  New  York  City,  available  for  multichannel 
teletype  and  high  speed  digital  data  experi- 
ments. 

Interconnections 

All  interconnections  for  testing  are  han- 
dled by  a central  patching  facility.  This 
facility  uses  75-ohm  video  jacks  for  connec- 
tions to  transmitter,  receiver,  tape  recorder, 
signal  generators,  and  metering  facilities. 
Phone  jacks  are  used  for  connections  to  the 
multiplex  equipment,  external  telephone 
lines,  teletype  equipment,  and  auxiliary  am- 
plifiers. The  patchboard  was  designed  for 
maximum  flexibility  and  for  shortest  possible 
point-to-point  connections. 

Internal  Test  Equipment 

This  category  includes  equipment  that  is 
phsysically  located  within  the  station.  In- 
cluded are  several  types  of  voltmeters  and 
signal  generators,  test  sets  for  measuring 
intermodulation  with  white  noise  and  for 


measuring  delay  distortion,  teletype  tone 
keyers  and  demods,  a 12-channel  telephone 
multiplex,  and  three  recorders. 

The  equipment  satisfies  experimental  and 
operational  requirements  for  the  Relay  pro- 
gram and  provides  maximum  flexibility  for 
future  programs. 

A list  of  this  equipment  with  major  speci- 
fications follows: 

1.  Test  Indicators 

a.  Hewlett  Packard  Type  400H  Vacuum 
Tube  Voltmeter 

Amplitude  range  — 0.003v  to  300v 
RMS 

Frequency  limits — 10  cycles  to  4 Me 
Accuracy — ±2%  to  1 Me 
— ±5%  to  4 Me 
Z input  — 10  megohms 

b.  Wandel  and  Golterman  Selective 
Voltmeter  Type  TFPM-76 
Frequency  range — 2 kc  to  1.5  Me 

c.  Ballantine  Model  320  True  RMS 
VTVM 

Frequency  characteristic — 5 cps  to 

500  kc 

Amplitude  accuracy — ±3%,  15  cps 
to  150  kc 
— ±5%,  5 cps 
to  15  cps 
— ±5%,  150  kc 
to  500  kc 

Amplitude  range 80  to  +50 

dbv 

Zin — 10  megohms 

d.  Tektronix  Type  512  Oscilloscope 

Vertical  amp.  passband — dc  to  1 

Me 

Vertical  sensitivity  — .005v/cm  to 

50v/cm 

Horizontal  sensitivity — 1.5v/cm 

e.  Hewlett  Packard  Type  522B  — Elec- 

tronic Counter 

Frequency  response — 10  cps  to  120 
kc 

Frequency  accuracy — ±1  count  ± 
time  base  accuracy 
Frequency  stability — 10  pp  million 
Minimum  input  amplitude  — 0.2v 
RMS 
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f.  Sanborn  Model  850  Paper  Recorder 
8 analog  channels 
6 event  marked  channels 
8 writing  channels  : 

Frequency  characteristic  — 125  cps 
max. 

Sensitivity — 0.005v/div  on  50  divi- 
sion 4-cm  wide  paper 
Z input — 5 megohms 
6 event  markers 

Sensitivity— 1.5v  at  1 ma  for  de- 
flection 

2.  Signal  Generators 

a.  Gruen  Model  PSG-1  Pulse  and 
Square  Wave  Generator 
Frequency  range — 1 cps  to  1 Me 
Accuracy — ±2% 

Pulse  width — 0.3  jusec  to  0.3  sec 
Accuracy — ±2% 

Output  amplitude — 9v  into  100  ohms 
peak-to-peak 
— 45v  into  500  ohms 
peak-to-peak 

b.  Hewlett  Packard  Tj+e  650A  Test 
Oscillator  (2  units) 

Frequency  range — 10  cps  to  10  Me 
Frequency  accuracy—  ±2%  10  cps  to 

100  kc 

±3%  100  kc  to 
10  Me 

Amplitude — 3v  max.  into  600  ohms 
Accuracy — ±1  db  ±5%  of  full  scale 

3.  Test  Sets 

a.  Marconi  Noise  Measuring  Set 
Consists  of: 

(1)  1225 A Noise  Receiver 
Receiving  frequencies  14  kc,  34 

kc  and  56  kc 

Bandwidth  (effective)— 1200  cps 
Amplitude  — noise  power  ratios 
from  0-100  db  in  1 db  steps 
N.F.— 13  db 
Zto  — 75  ohms 

(2)  TM  5774  Band  Stop  Filter  Unit 
Stop  frequencies  — 14  kc,  34  kc 

and  56  kc 
Bandwidth — 3 kc 
Rejection — 80  db 


(3)  1225B  Noise  Generator 
Noise  band — 12  kc  to  60  kc 
Noise  amplitude — minus  2 dbm 
to  +4.9dbm 
— plus  4.9  dbm 
to  +17.0  dbm 

Zout — 75  ohms 

b.  Western  Electric  Delay  Measuring 
Set  (J68347) 

Consists  of  : 

(1)  Delay  Exciter  (generator) 
Output  frequencies — 100  cps 

— 277.778  cps 
Output  amplitudes — 100  cps  > 
8v into  open 
circuit 

—277.778  kc 
> 0.3v  into 
75  ohms 

(2)  Delay  Detector 

Delay  = d<j>/df — 0 to  300  nsec 
Accuracy — ±2  nsec  at  < 75  nsec 
— [-2%  at  > 75  nsec 
Input  amplitude — 100  cps,  0.5v 
rms 

—277.778  kc, 
0.005  v RMS 
Delay  output — 10  nsec/degree 
phase 

— 25  nsec/inch  Y 
deflection 

4.  Telephone  Multiplex 

Standard  Telephone  and  Cables  No. 
8041 

12  channel  multiplex  system 
Audio  characteristic  — 250  to  3300 
cps 

Audio  level  input — 14  dbm,  600  ohms 
Audio  level  output — 0 dbm,  600  ohms 
Audio  Z input— 600  ohms 
Audio  Z output — 600  ohms 
Baseband  characteristics  — 12  kc  to 
60  kc 

B.B.  transmit  level — 0.027  volts  (mi- 
nus 20  dbm)  75  ohms 
B.B.  receive  level — 0.019  volts  (mi- 
nus 23  dbm)  75  ohms 
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5.  Teletype  Keyers  and  Demod 

a.  Mackay  Radio  CNY  2130  and  CNY 
2131 

(1)  Tone  Keyer  CNY  2130 
Frequencies — Mark  1155  cps 

— Space  1055 

Output  level— 14  dbm,  600  ohms 

(2)  Tone  Demod 
Frequencies— as  above 
Input  level — 0 dbm,  600  ohms 

b.  Northern  Radio  (1  channel,  dual  di- 
versity) 

Keyer  type  153 

Frequencies  cps — Mark  467.56  and 

2167.5 

— Space  382.5  and 

2082.5 

Output  level— 14  dbm  into  600  ohms 
Demod  type  174 

Frequencies — as  above 
Input  level  — 0 dbm  0.788v  at 
600  ohms 

6.  Miscellaneous 

a.  Tape  Recorder-Ampex  FR100  B-7 
channel 

Frequency  response 
— channels  1,  3 and  7,  dc  to  6 kc 
(fm — 27  kc  subcarrier) 

— channels  5 — 50  cycle  servo 
— channels  2,  4,  and  6 — 200  cps  to 
50  kc  at  30  ips 

— 200  cps  to 

100  kc  at  60  ips 
Tape  Speed — 30  ips  and  60  ips 
Input  level  — .788v  (high  imped- 
ance) 

Output  level — 1 volt  RMS  nominal 

b.  Auxiliary  transistorized  amplifiers  (6 
units) 

Frequency  response  — 200  cps  to 
200  kc 

Gain — variably  from  0 to  20  db  in- 
to 600  ohms 

Input  and  output  are  floating 

c.  Teletype  Corporation  Model  28  ASR 

Accessories  include:  keyboard-op- 
erated tape  punch  reperforator 
transmitter  distributor 
Operating  speed — 50  bauds 


d.  Teletype  Corporation  Model  28  R/O 
(Page  printer  only) 

Operating  speed — 50  bauds 

Outside  Telephone  Lines 

There  are  eight  2-wire  lines  collected  to 
the  company  PBX  which  can  be  connected 
with  the  Nutley  central  office  by  dialing  a 
code  number.  These  lines  are  terminated  in 
a standard  headset.  They  may  be  terminated 
in  a hybrid  by  throwing  a switch.  The  4- 
wire  side  of  the  hybrid  is  available  at  the 
patch  bay.  An  earphone  is  provided  for 
monitoring  the  line  when  it  is  terminated 
in  the  hybrid.  These  lines  are  not  equalized. 

A high  quality  4-wire  telephone  line  (class 
IV)  connects  the  station  with  American 
Cable  and  Radio,  Inc.,  in  New  York  City.  The 
line  has  a frequency  characteristic  equalized 
to  within  ±2  db  of  flatness  from  300  to  3300 
cycles  and  has  an  insertion  loss  of  9 db. 
American  Cable  and  Radio  has  4-wire  tele- 
phone lines  connecting  with  the  wire  press 
services  in  New  York  City.  By  patching  be- 
tween the  Nutley  4-wire  lines  and  the  wire 
services  lines,  the  inputs  to  those  services 
and  their  outputs  become  available  at  the 
Nutley  station  patchboard. 

In  addition  to  these  lines,  there  is  a 2-wire 
dc  line  installed  between  the  station  and  the 
Empire  State  Building  in  New  York  City 
for  remote  control  of  the  spacecraft  simu- 
lator. 

MULTICHANNEL  TELETYPE,  DATA,  AND  FACSIMILE  FACILITIES 

Multichannel  teletype,  low-speed  digital 
data,  and  facsimile  terminal  equipment  are 
available  to  the  Nutley  station.  This  equip- 
ment is  located  at  American  Cable  and  Radio, 
Inc.  in  New  York  City  and  is  accessible 
through  the  equalized  4-wire  line  described 
previously. 

The  data  equipment  is  capable  of  trans- 
mitting and  receiving  a data  stream  of  up 
to  3600  bits  per  second  and  counting  errors 
in  the  received  signal. 

A list  of  the  equipment  available  follows : 

1.  Teletype  Equipment 
a.  24  Channel  BTM-FMVFT  Bay  — 
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frequency  shift  modulator  and  de- 
modulator, 50  bauds. 

b.  Siemens  and  Halske  Elmux  — • 4- 
channel  time  division  multiplex,  192 
bauds. 

c.  Mackay  Tone  Keyer  and  Demod. 
(1105  cps)  CNY02130/2131  fre- 
quency shift  ±50  cps. 

2.  Data  Equipment 

a.  Rixon  Data  Modem  DD  model — Ves- 
tigial Sideband  1200  to  3600  bps 
2400  cycle  carrier. 

b.  Standard  Radio  and  Telegraph  — - 
TIJB  Data  Modem  1200  baud  fre- 
quency shift  keying  ±400  cps. 

c.  Rixon  Word  Analyzer  and  Generator 
Models  1032  and  132. 

3.  Facsimile  Equipment 

a.  Alden  Facsimile  Flat  Copy  Scanner 
Model  919-9165  120—60  rpm 

b.  Alden  Helix  Recorder  Model  319EA 
120 — 60  rpm 

c.  Rixon  Adfax  (Facsimile/Data  Con- 
verters) 

d.  Crosby  AM  to  FM  Converter  (Fac- 
simile Transmitter)  mean  frequency 
1900  cps,  frequency  shift  ±400  cps 

e.  Crosby  FM  to  AM  Converter  (Fac- 
simile Receiver). 

SUMMARY 

Design  studies  during  1960  and  1961  used 
a fixed  ground  station  to  conduct  narrow- 
band  experiments  using  the  moon  as  a re- 
flector. These  and  later  experiments  with 
active  satellites  provided  useful  data  on  such 
parameters  as  terrestrial  interference,  at- 
mospheric absorption,  and  satellite  trans- 
mission characteristics. 

A practical  medium-capacity  ground  sta- 
tion includes  a 10-kilowatt  transmitter,  a 
40-foot  (12.2  meter)  paraboloidal  antenna 
with  Cassegrainian  feed  system,  and  a radio- 


frequency equipment  pod  located  near  the 
apex  of  the  primary  reflector. 

Voice  and  teleprinter  communication  via 
satellites  have  been  demonstrated  repeatedly. 
The  ground  station  can  be  adapted  to  com- 
municate with  all  present  satellites,  this 
flexibility  being  achieved  primarily  through 
the  use  of  a universal  transmitting  and  re- 
ceiving system  with  interchangeable  front 
ends  and  antenna  feed  systems. 

The  space-research  ground  station  has 
provided  information  on  terrestrial  interfer- 
ence, moon-communication  parameters,  and 
general  propagation  parameters  between  1 
and  10  Gc.  In  addition,  it  has  served  as  a 
proving  ground  for  space-communication 
techniques  and  equipment. 

A medium-capacity  satellite  communica- 
tion system  has  been  tested  as  part  of  Proj- 
ect Relay,  a National  Aeronautics  and  Space 
Administration  program.  The  data  provide 
valuable  information  with  which  to  plan 
systems.  Acquisition  and  tracking  require- 
ments, noise  and  distortion  characteristics, 
experimental  techniques,  and  the  type  of 
data  to  be  taken  are  a few  of  the  areas  under 
study. 

The  research  operation  has  resulted  in  a 
number  of  new  equipment  designs,  which 
have  been  combined  in  a transportable 
ground  station  capable  of  supporting  the 
medium-capacity  satellite  system. 

With  this  research  facility,  we  continue 
to  evaluate  operational  techniques  and 
ground-equipment  designs  to  improve  our 
capabilities  in  the  field  of  space  communica- 
tions. 

Authors.  This  chapter  was  written  by  B. 
Cooper  and  R.  McClure  of  International 
Telephone  and  Telegraph  Federal  Labora- 
tories, Nutley,  New  Jersey,  U.S.A.  under 
contract  NAS  5-2056  with  NASA/ Goddard 
Space  Flight  Center. 
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Results  of  Relay  I Narrowband  Experiments 


INTRODUCTION 

The  ITT  Federal  Laboratories  Space  Com- 
munications Research  Station  has  been  oper- 
ating as  a participant  in  Project  Relay  since 
January  5,  1963.  This  participation  has  in- 
volved the  performance  of  communication 
experiments,  demonstrations,  and  operational 
support  of  the  NASA  Test  Station. 

The  station  (see  Figure  11-3)  consists  of 
a 40-foot  Cassegrainian  antenna  and  two 
geodesic  domes  containing  the  radio  fre- 
quency equipment  and  the  master  control  and 
terminal  center,  Subsequent  addition  of  the 
East  Coast  Test  Station  equipment  (see  Fig- 
ure 11-4)  has  expanded  the  facility.  The 
official  address  and  identification  of  the  ITT 
Space  Communications  Stations  is  “COM- 
NUT.”  The  official  identification  of  the 
NASA  East  Coast  Test  Station  is  “COM- 
CON.” 

The  purpose  of  this  program  is  to  deter- 
mine the  feasibility  of  a low-altitude  active- 
satellite  communication  system.  The  pri- 
mary function  of  the  Nutley  station  is  the 
performance  of  communications  experiments 
and  analysis  of  data  obtained  during  these 
experiments.  An  additional  function  is  the 
acquisition  of  operational  experience  using 
communications  satellite  systems.  Partic- 
ular emphasis  is  placed  on  UHF  tracking 
performance. 

The  purpose  of  the  experiments  is  to 
determine  the  extent  to  which  a communi- 
cations system  designed  on  paper  can  be 


implemented  to  meet  a specific  group  of  per- 
formance requirements  and  to  determine 
what  additional  requirements  are  needed  to 
completely  specify  the  system.  The  data 
obtained  from  experiments  performed  to 
date  has  provided  considerable  information 
on  the  performance  of  a system  consisting 
of  ground  stations  communicating  via  an 
orbiting  spacecraft.  A table  of  experiments, 
showing  their  frequency  of  performance,  is 
given  in  Table  12-1. 


Table  12-1. — Frequency  of  Performance  of  Communications 
[Experiments  with  Relay  I for  J anuary-December  1968 ] 


Experiment 

Number  of  times  performed 

70 

141 

IIIB2— Peak  noise  - ....... 

53 

Ill  B3 — Periodic  noise . _ i 

22 

IIIC — Bandpass  characteristics.. 

36 

HID — Envelope  delay  _ . 

25 

IUE^— Received  carrier  power 

645 

IIIF1 — Harmonic  performance 

IIIF2 — Noise  intermodulation 

116 

82 

IIIG — -Loop  delay.  ... 

10 

I II H — Interef erence 

2 

II II — Intelligible  crosstalk 

6 

Overall  specifications  for  the  Relay  system 
have  resulted  in  subsystem  specifications 
defined  for  the  ground  stations  and  the 
orbiting  spacecraft.  To  date,  a number  of 
ground  subsystem  performance  requirements 
and  capabilities  have  been  verified. 


525 


526 


RELAY  I— PART  II 


These  include  the  following: 

1.  The  extent  of  the  FM  threshold  im- 
provement that  could  be  obtained  practically 
in  the  space-to-ground  link. 

2.  Operational  performance  requirements 
of  a spacecraft  acquisition  and  tracking  sys- 
tem. 

3.  Distribution  of  intermodulation  sources 
among  the  various  parts  of  the  ground-space- 
ground  communications  link. 

4.  Satellite  performance  after  extended 
exposure  to  outer  space  environment. 

The  sections  that  follow  present  detailed 
analyses  of  the  results  of  several  of  the 
selected  experiments  performed  with  Relay  I. 
For  each  experiment,  the  performance  of  the 
ground  station  is  considered  separately  in 
order  to  isolate  its  effect  on  the  link.  Conclu- 
sions are  drawn  about  both  link  and  satellite. 

INTERMODULATION  DISTORTION  TESTS 

In  this  section,  results  of  three  different 
types  of  intermodulation  distortion  measure- 
ments will  be  presented,  and  compared  with 
values  calculated  from  theoretical  considera- 
tions. The  most  significant  measurement  of 
the  three  types  is  the  “two-tone”  test,  where 
two  sinewave  tones  are  applied  to  the  base- 
band, and  the  2nd  and  3rd  order  intermodu- 
lation products  are  measured.  From  these 
measurements,  a set  of  power  series  coeffi- 
cients can  be  calcuated.  This  calculation  is 
based  on  the  approximation  of  the  system 
amplitude  and  phase  response  by  a trun- 
cated power  series.*  Using  these  coefficients, 
and  assuming  a white  gaussian  noise  input, 
the  individual  intermodulation  products  re- 
sulting from  phase  and  amplitude  distortion 
are  determined.  In  addition,  linear  envelope 
delay  and  parabolic  envelope  delay  are  cal- 
culated. 

Envelope  Delay 

Envelope  delay  is  related  to  the  slope  of 
the  system  phase  vs.  frequency  character- 
istic. In  general,  the  phase  characteristic  is 
a nonlinear  function  of  frequency,  and  there- 
fore, the  envelope  delay  will  be  a function 
of  frequency.  The  effect  of  this  frequency 


dependence  is  to  create  intermodulation 
products  in  the  FM  detection  process.  These 
products  contribute  to  the  total  intermodu- 
lation power.  The  remainder  of  the  inter- 
modulation power  is  the  result  of  amplitude 
nonlinearities. 

The  delay  test  set  measures  delay  by 
sweeping  a 278-kc  signal  across  the  system 
passband  at  800  eps  and  comparing  the  phase 
of  the  received  278  kc  to  a locally  generated 
278-kc  signal  whose  phase  is  the  average 
278-kc  phase  over  the  sweep.  The  phase  of 
the  received  278-kc  signal  will  vary  as  it 
sweeps  across  the  passband.  A phase  dis- 
criminator in  the  delay  set  compares  the  two 
278-kc  signals  and  produces  an  output  volt- 
age which  is  instantaneously  proportional  to 
their  phase  difference.  This  phase  difference 
is  proportional  to  the  envelope  time  delay 
by  the  factor  1/278  kc;  i.e.,  delay  — phase 
change  278  X 103  sec.  Therefore,  the 
discriminator  output  is  proportional  to  the 
instantaneous  envelope  delay.  This  voltage 
is  displayed  on  the  Y-axis  of  an  oscilloscope. 
The  800  eps  used  for  sweeping  the  278-kc 
signal  across  the  passband  is  proportional  to 
the  received  carrier  deviation  and  is  dis- 
played on  the  oscilloscope  X-axis.  Thus  the 
curve  displayed  on  the  oscilloscope  is  en- 
velope delay  as  a function  of  frequency. 

Since  the  modulation  index  of  the  278  kc 
signal  is  low,  the  process  of  sweeping  the 
278-kc  signal  can  be  considered  as  sweeping 
a carrier  fc  with  two  significant  sidebands 
across  the  passband  at  an  800  cps  rate.  One 
sideband  is  at  fc  + 278  kc  and  the  other  is 
at  f0  — 278  kc.  The  delay  test  set  measures 
the  average  phase  shift  of  these  two  side- 
bands divided  by  their  frequency  separation. 
Therefore,  the  delay  indicated  is  the  slope  of 
the  chord  joining  the  coordinates  of  the 
phase  at  fc  + 278  kc  and  the  coordinates  of 
the  phase  of  fc  — 278  kc.  If  this  carrier  and 
the  sidebands  are  now  moved  to  various 
positions  in  the  passband  and  the  slopes  of 


*D.  P.  Sullivan,  “Intermodulation  Distortion  Study 
for  FM  Communication  Satellite  Systems,”  15  June 
1962,  prepared  for  NASA  by  Space  Technology 
Laboratories,  Inc.,  Redondo  Beach,  California. 
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the  chords  joining  the  sideband  coordinates 
are  measured  and  plotted,  the  resultant 
curve  is  the  delay  vs.  frequency  curve  that 
is  displayed  by  the  delay  test  set.  Because 
of  the  manner  in  which  this  display  is  gen- 
erated (by  averaging  over  2 X 278  kc) , an 
average  slope  is  displayed,  and  some  fine 
grain  detail  is  lost. 

At  first  it  appears  that  another  way  to 
measure  the  actual  delay  would  be  to  reduce 
the  sweep  frequency  by,  say,  a factor  of  0.1 
giving  a subcarrier  frequency  of  27.8  kc. 
This  would  allow  the  actual  delay  to  be 
measured  more  accurately  because  the  slope 
of  the  line  joining  the  sideband  phase  co- 
ordinates would  be  an  approximation  closer 
to  the  actual  slope.  However,  the  sensitivity 
of  the  measurement  to  noise  is  correspond- 
ingly increased  by  a factor  of  10,  and  would 
make  almost  all  passes  unusable  for  this  test. 

Noise  Power  Ratio  Test 

Noise  Power  Ratio  is  an  overall  measure 
of  the  linearity  of  a transmission  system. 
For  a multichannel  link,  the  noise  level 
existing  in  a given  channel  when  all  remain- 
ing channels  are  loaded  with  white  noise  is 
compared  with  the  level  in  that  channel  when 
it,  too,  is  noise  loaded.  The  resulting  ratio 
(NPR)  is  a measure  of  the  level  of  inter- 
modulation products  as  compared  to  normal 
channel  level.  Both  phase  and  amplitude 
non-linearities  may  contribute  to  the  inter- 
modulation noise. 

A special  test  set,  consisting  of  a noise 
transmitter,  a filter  unit,  and  a noise  re- 
ceiver, is  used  to  make  this  measurement. 
The  output  of  the  noise  transmitter  is  Gaus- 
sian noise  uniformly  distributed  over  the 
12  to  60  kc  baseband  frequency  range.  This 
band-limited  white  noise  is  then  fed  to  the 
filter  unit  which  consists  of  three  4 kc  wide 
band-stop  filters,  one  each  centered  about  14, 
34,  and  56  kc.  The  output  of  the  filter  unit 
goes  to  the  modulator  input.  The  noise 
receiver,  connected  to  the  receiver  output, 
is  actually  a power  meter  which  can  be  tuned 
to  14,  34,  or  56  kc.  The  noise  receiver  is  1200 
cps  wide.  The  measure  the  NPR  in,  say,  the 


56  kc  channel,  the  noise  receiver  is  tuned 
to  this  frequency.  The  noise  power  is  meas- 
ured first  with  flat  noise  over  the  entire  base- 
band and  second  with  the  56-kc  bandstop 
filter  inserted  following  the  transmitter. 
With  the  filter  in,  the  noise  receiver  meas- 
ured no  direct  noise  power ; only  intermodu- 
lation noise  power. 

Two-Tone  Harmonic  Performance  Test 

The  two-tone  harmonic  performance  test 
is  one  of  several  methods  of  measuring  sys- 
tem nonlinearity.  It  has  the  decided  advan- 
tage that  the  results  of  its  measurements  may 
be  used  to  predict  envelope  delay  and  Noise 
Power  Ratio  and  also  to  give  a qualitative 
idea  of  the  source  of  the  nonlinearity. 

To  perform  the  test,  two  sine-wave  tones 
of  different  frequency  are  applied  directly 
to  the  baseband  input  to  the  modulator.  At 
the  receiver  baseband  output,  the  second  and 
third-order  intermodulation  products  and 
harmonics  are  measured  with  a selective 
voltmeter.  From  the  levels  of  these  products, 
coefficients  may  be  derived  for  nonlinear 
amplitude  and  phase  terms  in  a truncated 
power  series  that  represents  an  approxima- 
tion to  the  system  input-output  function. 

Equations  Used  to  Calculate  Intermodulation 
Noise  and  Envelope  Delay 

It  is  assumed  that  the  system  transfer 
characteristic  can  be  represented  by : 

-y-=  Vi  + m2  Pi2  + m3  P;3  + m4  ~z(Vr) 

A (XZ 

+ 7 — ( Pi3)  (12.1) 

cut 

where 

V 0 — output  time-varying  voltage 

A = system  gain,  input  to  output 
Pi  = input  time  varying  voltage 
m2,  m»  = constants  determined  empirically 
from  the  two-tone  tests  which  are 
related  to  the  amplitude  character- 
istics of  the  system. 

rri4,  m0  = constants  determined  empirically 
from  the  two-tone  tests  which  are 
related  to  the  phase  characteristics 
of  the  system. 
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For  the  two-tone  test,  Vt  = g (sin  a1t  + 
sin  w2t),  where  g is  the  peak  input  amplitude 
and  n>i  and  <«2  are  the  two  input  angular 
frequencies.  Performing  the  indicated  oper- 
ations on  Vi  and  summing  terms  of  like  fre- 
quency, the  following  expression  for  the  w4 
± <02  and  Ct>l  zfc  2 <0  2 terms  results  (see 
Appendix  A)  : 


V 


(*>1  — «>2) 


V (<01  ± 2 <D2) 


— Ag2  l_m22  4-m42(ux  ± <02) 2 

=3Aff_r  ^ m52  (Wi  -h  2 <o2) 2 

4 L 


J1/2 
*1 1/2 


where  V a>a  ± <o2  is  the  peak  voltage  at  au  ± <o2 ; 
V a>i  ± 2 w2  is  the  voltage  at  0)1  ± 2 0)2. 

Each  of  these  expressions  is  actually  two 
equations  in  two  unknowns:  one  equation 
for  the  sum  frequency  term  and  another  for 
the  difference  frequency  term.  These  are 
then  solved  for  m2,  ra3,  m4  and  ra5  in  terms 
of  V and 

— F2(o)i  + 0)2)RMS^zr .foil  (12.2) 

/l/2  J 

BMS^l)a 

72FVL  /2/i 


— F2(2w2  — OJi  )RMS 
1 


(2 f, 


7^]<12-3) 


m4 


2 


16F4Wl  (Oi  <02 

|^F2(o,1  + «02)RMS  - F2(»i-«2)RMS  J 

(12.4) 
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2 


72F6«,1  on  o,2 

F2(2co2  + on)  RMS  - F2  (2oj2  - on)  RMS 

L (la 


weighted)  of  intermodulation  noise  due  to 
the  kth  term  in  the  series,  Equation  (12.1)  : 


Npw^ 


Npw^ 


_ (2 nJVPeq)  3.1  X 1012  m 2 

ttl  100  25  (F2-Fi)  2 

(12.6) 

= [(2tt)2  FI  Pegs/2]2  3 (3-1  x 10i2)  2 

(ai)2  10° 25  (/2  - A)  * 

(12.7) 


v _ [(2tt)2F aPeq  /2]2  3.1  X 10*  m 2 

N"”‘ 10“ 

(12.8) 

Ar  _ [(2tt)3F g2Peq3/2/2]2  3 (3.1  X 1012)  ...  2 

(ai2)  10° 25  (/2  — /1)  5 

(12.9) 

where 


= RMS  per-channel  deviation  of  the 
up-link  = 29.6  kc 

a,i  = modulation  constant  = 6.789  X 106 
sec/volt 

Peq  = equivalent  white  gaussian  noise  power 
extending  from  /1  to  /2  which  the 
CCIR  recommends  to  represent  the 
multiplex  of  telephone  channels  at 
zero  relative  level,  referenced  to  a 
single  channel  = 2.7  mw 
/1  = frequency  of  the  lower  edge  of  the 

bottom  multiplex  channel  = 12  kc 
/2  = frequency  of  the  upper  edge  of  the 

highest  multiplex  channel  = 60  kc 
Similarly,  the  values  of  linear  and  parabolic 
envelope  delay  may  be  calculated  knowing 
coefficients  m4  and  m5 : 


where 


Tdl  AnJjjjVU 
pp  ~ 3a4 

Tdn  _3tt 2Br,m-0 

pp  / Q/v  \ 2 


(12.10) 


From  consideration  of  the  spectral  densi- 
ties of  the  signal  and  intermodulation  prod- 
ucts when  the  signal  is  white  gaussian  noise, 
expressions  may  be  written  which  yield  the 
intermodulation  noise  contribution  in  the 
top  channel  due  to  each  type  of  nonlinearity. 
In  the  following  equations,  NpWk  is  the  con- 
tribution in  picowatts  (psophometrically 


Tai  — peak-to-peak  linear  envelope  delay 
^ component 

T dp  — : peak-to-peak  parabolic  envelope  de- 
/!  lay  component 

Brf  — RF  bandwidth  being  swept 
= 1.17  Me 

on  ~ modulation  constant  = 6.784  X 106 
sec/volt 
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(Note  that  a factor  of  3 has  been  inserted  in 
front  of  ai  to  reference  the  measurement  to 
the  down  link). 

Results  of  Tests  Run  with  High  C/N  and  with 
Controlled  High  Delay  Distortion 

A series  of  tests  was  run  for  the  purpose 
of  comparing  calculated  and  measured  values 
of  envelope  delay  and  white  noise  intermodu- 
lation. The  tests  were  set  up  as  an  RF  loop 
through  the  station  equipment.  The  RF 
carrier-to-noise  ratio  was  set  at  35  db  and 
the  parabolic  envelope  delay  was  increased 
above  the  usual  level  to  90  nanoseconds  p-p. 
The  purpose  of  these  adjustments  is,  first,  to 
reduce  the  thermal  noise  so  that  it  will  affect 
the  measurements  as  little  as  possible  and, 
second,  to  increase  the  delay  distortion  to 
the  point  where  it  will  have  a marked  effect 
on  the  third  order  intermodulation  products, 
thereby  making  the  calculation  of  parabolic 
envelope  delay  less  subject  to  error.  While 
this  value  of  envelope  delay  is  not  repre- 
sentative of  normal  station  performance,  it 
was  introduced  in  order  to  improve  the  corre- 
lation between  measured  and  calculated 
values.  The  results  of  the  tests  are  given  in 
Table  12-2.  Substitution  of  the  proper  signal 
voltages  from  the  2-tone  test  into  Equations 
12.5,  12.6,  12.7,  and  12.8  give  the  following 


values  for  m2,  m3,  ra4,  and  ms: 
m2  ==  8.47  x 10'2  volts-1 
m<t  = 0.0825  volts'2 
m4  = 1.00  x 10'7  sec/volt 
ras  = 1.19  X 10'6  sec/volt2 
Substitution  of  these  values  for  the  m* 
into  the  equations  for  Npir  gives  the  follow- 
ing  results  : 

NPW  = 1425  pw 

2 

Npw  — 820  pw 

3 

Npw  = 280  pw 

4 

Npw  = 245  pw 

It  is  assumed  that  the  various  contribu- 
tions to  the  total  inter-modulation  noise  are 
statiscally  independent  so  that  the  total  is 
the  sum  of  the  four  contributions.  Thus 
Npw  = 2770  pw.  This  is  the  calculated 

tot 

value  of  the  psophometrically  weighted  inter- 
modulation  noise  power  in  the  top  channel. 
This  corresponds  to  a noise  power  ratio 
(NPR)  of  44.1  db  in  the  top  channel.  The 
noise-loading  tests  performed  at  the  same 
time  as  the  2-tone  tests  showed  a top-channel 
NPR  (after  correcting  for  residual  thermal 
noise)  of  44.5  db  which  is  equivalent  to  an 
Npir  of  2,600  picowatts.  The  difference  be- 
tween the  measured  and  calculated  values 
(0.4  db)  is  within  measurement  error. 


Table  12-2, — Results  of  Intermodulation  Tests 


1 . Two-tone  test 
0 db — 44  mv 

2.  Noise  intermodulation 

Component- 

Freq.  (kc) 

Sig.  level  (db) 

Channel  freq. 

NPR  (db) 

Thermal  noise(db) 

/. 

22 

0 

14  kc 

34.5 

-34.5 

h 

37 

-0.5 

34  kc 

43.5 

-45.0 

2 

7 

50  kc 

40.0 

-42.0 

Mi 

15 

-42.5 

2/i 

44 

-49.5 

2A-/, 

52 

-52.5 

5.  Envelope,  delay  test 

/.+/. 

59 

-41.8 

Linear  delay  =5  nanoseconds  (pp) 

3/. 

6fi 

Parabolic  delay  = 

90  nanoseconds  (pp) 

2/a 

74 

-52.5 

2/ 1 +/«  ! 

81 

-48.5 

2/,+/, 

m 

'47.5 

3/a 

Ml 

—53.5 

530 


RELAY  I— PART  II 


Calculation  of  linear  and  parabolic  en- 
velope delay  gives  values  of  72  and  116  nano- 
seconds, respectively,  for  the  linear  and  par- 
abolic components.  There  is  good  agreement 
between  values  of  measured  and  calculated 
parabolic  envelope  delay.  The  measured 
value  is  90  nanoseconds  which  differs  by 
about  20  percent  from  the  calculated  value 
of  116  nanoseconds. 

The  majority  of  the  error  is  attributed  to 
the  fact  that  the  passband  phase  variations 
are  averaged  over  2 X 278  = 566  kc.  This 
has  the  effect  of  smoothing  the  ripple  com- 
ponent and  reducing  the  measured  parabolic 
component. 

There  is  a large  discrepancy  between  the 
measured  and  calculated  values  of  linear 
envelope  delay,  which  are  5 and  72  nanosec- 
onds, respectively.  The  calculated  value  of 
linear  envelope  delay  is  a function  of  m4, 
which  depends  on  the  difference  of  the 
squares  of  the  two  2nd  order  product  volt- 
ages, These  two  voltages  differ  by  only  0.7 
db.  An  error  of  0.3  db  in  both  of  these  volt- 
ages could  change  the  calculated  value  of 
linear  envelope  delay  from  72  to  15  nano- 
seconds. Since  there  is  at  least  a 0.3  db 
variation  in  the  meter  reading  due  to  addi- 
tive noise,  the  calculated  value  of  linear 
envelope  delay  will  be  highly  subject  to  error. 

Conclusions 

The  usefulness  of  the  two-tone  test  lies 
in  its  ability  to  separately  evaluate  the  vari- 
ous contributions  to  the  total  intermodula- 
tion noise  in  an  FM-FDM  system.  As  such, 
this  technique  is  very  useful  in  subsystem 
evaluation  to  quickly  determine  the  major 
contributors  to  intermodulation  distortion. 

With  the  exception  of  the  prediction  of 
linear  envelope  delay,  the  results  show  good 
agreement  between  measured  and  calculated 
values.  This  indicates  that  the  equation  used 
to  describe  the  system  is,  in  fact,  a good 
approximation. 

The  technique  for  measuring  2nd  and  3rd 
order  intermodulation  products  is  presently 
being  studied  and  will  be  refined  to  increase 
its  accuracy.  If  this  can  be  successfully  ac- 


complished, the  prediction  of  envelope  delay 
will  become  more  accurate. 

For  comparison,  a harmonic  performance 
test  performed  through  the  satellite  will 
typically  show  that  the  third-order  product 
voltages  are  below  thermal  noise,  and  thus 
not  measureable.  A typical  value  of  thermal 
noise  is  62  db  below  the  44  mv  amplitude 
of  the  fundamental  frequencies.  In  other 
words,  typical  third-order  products  are  at 
least  10-15  db  below  the  levels  shown  in 
Table  12-2  which  are  the  results  of  delib- 
erately inducing  a high  value  of  envelope 
delay  in  order  to  prove  empirical  and  theo- 
retical agreement.  Since  the  magnitude  of 
parabolic  envelope  delay  is  dependent  on  the 
difference  of  the  squares  of  these  voltages, 
the  calculated  delay  will  drop  rapidly  as 
the  voltages  decrease,  even  though  their  ratio 
may  remain  the  same. 

SYSTEM  THRESHOLD  WITH  AND 
WITHOUT  EXTENSION 

One  of  the  most  fundamental  performance 
measurements  on  an  FM  system  is  the  deter- 
mination of  the  threshold  point  or,  more 
generally,  the  variation  of  the  signal-to-noise 
ratio  ( S/N ) as  a function  of  carrier-to-noise 
ratio  (C/N).  This  S/N  versus  C/N  curve 
is  made  up  of  three  regions.  The  first  region 
is  the  one  in  which  the  carrier  voltage  vector 
is  significantly  larger  than  the  poise  voltage 
vector.  In  this  ease,  S/N  is  proportional  to 
C/N ; i.e.,  a 1-db  increase  in  C/N  produces 
a 1-db  increase  in  S/N.  In  the  second  region, 
the  C/N  ratio  varies  from  10  db  to  0 db 
and  S/N  is  approximately  proportional  to 
(C/N)3.  The  intersection  of  these  two  lines 
is  the  threshold  point.  It  is  usually  specified 
in  terms  of  C/N  ratio;  i.e.,  for  a system  in 
which  these  two  portions  of  the  curve  inter- 
sect at  6 db  C/N,  the  system  threshold  is 
6 db.  In  the  third  region,  the  carrier  voltage 
vector  is  much  smaller  than  the  noise  voltage 
vector  and  S/N  is  proportional  to  (C/N)2. 

The  theoretical  S/N  ratio  above  the  thresh- 
old point  may  be  calculated.  The  formula 
holds  for  the  worst  channel  (usually  the  top 
channel)  in  an  FDM-FM  system  when  a 1-kc 
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reference  test  tone  is  applied  to  that  channel 
at  zero-relative  level. 

S/N  = C/N  + 20  log(-y^)  = 10  log-— 

— MCLF  + PDI 

where : 

C/N  = pre-detection  carrier-to-noise  ratio 
aF  = peak  frequency  deviation 
f = highest  modulating  frequency 
B — pre-detection  noise  bandwidth 
b = post-detection  channel  bandwidth 
MCLF  = multichannel  loading  factor  (16  db 
for  12  channels  for  limiting)  * 

PDI  = Pre-emphasis  de-emphasis  im- 
provement (4  db)** 

Substituting: 

S/N  = 11  + 20  log^f  + 10  log-|M+ 

60  6 kc 

_ 16  + 0 + 4 = 11  + 19.8 
+ 25.3  - 16  + 4 = 44.1  db 

The  measured  S/N  ratio  at  11  db  C/N  in  the 
top  channel  with  the  discriminator  demodu- 
lator is  44.5  db. 

Station  Loop  Test  Mode  Generator  Results 
with  Threshold  Extension 

Figures  12-1  through  12-6  show  S/N  as 
a function  of  C/N  as  measured  using  a 1-ke 
tone  in  multiplex  channels  1,  6,  and  12.  A 


Figure  12-2.— S/N  vs.  C/N,  channel  6,  monitor 
receiver. 


Figure  12-1. — S/N  vs.  C/N,  channel  1,  monitor 
receiver. 


Figure  12-3. — S/N  vs.  C/N,  channel  12,  monitor 
receiver. 


general  characteristic  of  all  these  curves  is 
that  they  threshold  at  from  5 to  7 db  C/N 
and  40  to  45  db  S/N  (noise  referenced  to 
1.3  Me  band) . Because  of  the  high  S/N  ratio 
at  which  the  system  thresholds,  the  portion 
of  the  curve  above  the  breakpoint  does  not 
follow  the  classic  45-degree  line  (1  db  change 
in  C/N  equals  1 db  change  in  S/N) . Instead, 
the  curves  flatten  out  somewhat  at  higher 
C/N  indicating  that  S/N  is  limited  by  resid- 

*B.  D.  Holbrook  and  J.  T.  Dixon,  “Load  Rating 
Theory  for  Multichannel  Amplifiers,”  B.  S.  T.  J., 
XVIII  (October,  1939). 

**Recommendation  No.  275  of  C.  G.  I.  R. 
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Figure  12-4. — S/N  vs.  C/N,  channel  1,  communica- 
tions receiver. 


Figure  12-5. — S/N  vs.  C/N,  channel  6,  communica- 
tions receiver. 


ual  noise  including  residual  FM  and  thermal 
noise  in  the  receiver  baseband  amplifier. 
Depending  on  the  receiver  under  test  and  the 
channel  being  checked,  the  limiting  thermal 
noise  is  between  —50  and  —55  db  with 
respect  to  full  channel  output. 

Over  the  range  of  C/N  from  6 db  to  14  db, 
the  S/N  in  the  lowest,  middle,  and  highest 
frequency  channels  are  within  1 db  of  each 
other.  This  indicates  that  the  pre-emphasis 
characteristic  is  properly  matched  to  the 
system  noise  characteristic  over  this  range. 

The  measurements  shown  on  Figure  12-6 
(S/N  in  channel  12  through  the  communica- 
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Figure  12-6. — S/N  vs.  C/N,  channel  12,  communica- 
tions receiver. 

tions  receiver)  were  taken  both  with  the 
phase-locked  loop  and  without  it.  The  phase- 
locked  loop  thresholds  at  a C/N  about  4 db 
lower  than  that  of  the  discriminator.  All 
curves  are  referenced  to  a noise  power  of 
—111  dbm  in  a 1.3  Me  bandwidth. 

Operational  Results 

S/N  measurements  made  through  the  sat- 
ellite show  S/N  ratios  which  are  in  every 
case  lower  than  those  measured  through  the 
station  equipment.  This  is  to  be  expected 
since  the  signal  passes  through  the  satellite 
transponder  which  adds  its  own  noise  con- 
tribution. Also,  the  variation  in  antenna 
gain  around  the  spin  axis  introduces  an  addi- 
tional noise  component. 

As  the  satellite  spins  (at  about  167  rpm) 
the  power  radiated  by  it,  as  seen  by  a ground 
antenna,  varies  with  the  same  fundamental 
frequency.  This  has  the  effect  of  moving  the 
C/N  ratio  up  and  down,  which  in  turn  causes 
the  S/N  ratio  in  any  particular  band  to  vary 
at  the  spin  frequency.  That  the  RMS  noise 
increases  can  be  seen  by  considering  the 
noise  with  spin  modulation  to  be  given  by 
n'(t)  —n(t)  [ 1 -f-  y cos  ost  ] 

where : 

y = Amplitude  of  spin  modulation 
Os  = Spin  frequency 
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Consider  the  noise  voltage  to  be  described 
by  the  Gaussian  process, 


from  which 


P(n)  = 


e — n-/2<r- 

<J  V 2-tt 


P(n')  = P(n) 


dn 

dn' 


dn  I 1 

dn'  I 1 + 7 cos  ns  t 

f -OO2  1 

L 2 cr2  (1  + y COS  Ost)2  J 

• P(n')  

(l+yCOSfIst)  V 2^  + 


The  RMS  value  is  seen  to  be  increased  by 
V 1 + y2/2  The  instantaneous  statistics  of 
the  noise  are  still  Gaussian. 

For  example  consider  a sinusoidal  spin 
modulation  of  6 db  (peak-to-peak) . Then, 


P max 
P min 


ax  | _ V max  la  _ 
in  \ V min  / ~~ 


V min 
V max 


■ V min 


= 2 


Then, 


1 + 


-=  2 


0.3B 


Therefore,  the  increase  in  RMS  noise  is 
about  0.2  db.  The  actual  difference  between 
station  performance  and  performance 
through  the  spacecraft  is  generally  larger 
than  this.  The  assumption  of  sinusoidal 
modulation  is,  of  course,  approximate.  In 
many  cases,  the  spin  modulation  brings  the 
carrier  near  threshold  where  the  noise  in- 
creases precipitously.  Thus,  a larger  differ- 
ence is  to  be  expected. 


System  Noise  Performance  Wtthjand  Without 
Pre-Emphasis  Through  Station  Loop 

Figure  12-7  shows  two  curves  of  baseband 
noise  versus  frequency.  The  data  for  these 
curves  were  taken  using  a tuned  voltmeter 
having  a bandwidth  of  340  cps.  The  noise 
shown  represents  the  residual  noise  of  the 
system  with  the  receiver  locked  to  an  un- 


FREQUENCY(KC) 


Figure  12-7. — Baseband  noise  vs.  frequency,  monitor 
receiver. 


modulated  carrier.  If  only  FM  noise  was 
present,  the  curves  would  reduce  to  a 
straight  line  with  a slope  of  20  db/decade, 
which  is  the  classical  triangular  FM  noise 
spectrum.  If  the  curve  taken  without  de- 
emphasis is  examined,  it  can  be  seen  that 
between  50  and  250  kc  the  curve  closely 
follows  a line  of  20  db/decade  slope.  Below 
50  kc,  the  slope  decreases  and  finally  becomes 
negative.  This  change  in  slope  is  due  to  the 
addition  of  noise  produced  by  incidental  FM 
originating  in  the  RF  circuitry.  Above  250 
kc  the  slope  increases  slightly  and  then  falls 
off.  This  behavior  is  a function  of  the  phase- 
locked  loop  used  in  the  receiver  whose  fre- 
quency response  with  signal  tends  to  peak 
around  350  kc  and  then  drops  off  sharply. 

The  curve  of  baseband  noise  versus  fre- 
quency taken  with  de-emphasis  differs  from 
the  flat  curve  by  the  response  of  the  de- 
emphasis  network.  It  can  be  seen  that  the 
noise  in  the  12  to  60  kc  baseband  is  much 
flatter  with  de-emphasis  than  without.  The 
curve  with  de-emphasis  shows  a variation 
of  only  2 db  over  the  band  (12  to  60  kc) 
while  the  curve  without  de-emphasis  shows 
a variation  of  6 db.  It  should  be  noted  that 
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the  noise  begins  to  increase  below  20  kc. 
This  correlates  with  S/N  measurements 
taken  in  multiplex  channels.  Channel  1 (12 
to  16  kc)  will  always  show  a lower  S/N 
ratio  than  either  channel  6 (32  to  36  kc)  or 
channel  12  (56  to  60  kc).  The  difference 
between  channel  1 and  channels  6 and  12 
S/N  is  dependent  upon  the  carrier  level. 
Near  threshold  the  difference  is  only  about 
1 db  or  less.  However,  at  a C/N  of  25  db, 
differences  of  8 db  are  noted.  The  crossover 
point  of  the  de-emphasis  network,  which  is 
the  frequency  at  which  the  gain  with  the 
network  inserted  equals  the  gain  in  the 
“flat”  position,  occurs  at  36  kc.  The  two 
curves  of  baseband  noise  versus  frequency 
cross  at  30  kc  which  agrees  closely  with  the 
network  crossover  point. 

Figure  12-8  shows  a curve  of  baseband 
noise  versus  frequency  taken  on  Relay  I 
orbit  1376  with  a comparison  curve  through 
the  station  equipment  prior  to  the  pass.  At 
the  time  these  experiments  were  run,  there 
was  a spurious  15-kc  component  caused  by  a 
ground  loop  in  the  exciter  video  amplifier  in- 
put circuit.  This  peak  should  be  disregarded 
when  examining  the  curves  since  this  condi- 
tion has  been  eliminated.  The  components 


Figure  12-8.— Baseband  noise  vs.  frequency, 
flat  response. 


appearing  at  5 kc  and  40  kc,  however,  appear 
only  in  the  curve  taken  through  the  satellite 
and  thus  must  originate  in  the  satellite.  The 
5-kc  component  has  been  observed  previously 
and  may  be  due  to  the  spacecraft  inverter. 

Noise  Intermodulation,  Thermal  Noise, 
and  Deviation 

The  design  of  an  FM-FDM  system  is,  in 
part,  a compromise  between  intermodulation 
distortion  and  the  degradation  due  to  ther- 
mal noise.  It  is  well  known  that  the  thermal 
S/N  in  an  FM  system  is  proportional  to  the 
square  of  the  deviation  ratio.  However,  as 
the  deviation  is  increased,  the  effects  of 
nonlinearity  cause  the  resultant  total  S/N 
in  an  FDM  system  to  degrade.  In  this  sec- 
tion relationships  between  S/N  and  deviation 
are  studied. 

Procedure 

Data  was  taken  through  an  RF  loop  under 
a number  of  system  conditions  in  order  to 
display  the  effects  of  pre-deemphasis  and 
threshold  extension  by  phase  locked  detec- 
tion. These  were: 

Case  1.  Discriminator  detection  with  and 
without  pre-deemphasis ; C/N  = 26  db 

Case  2.  Phase  locked  detection  with  and 
without  pre-deemphasis ; C/N  = 26  db 

Case  3.  Phase  locked  detection  with  pre- 
emphasis  ; C/N  — 10  db 

In  each  case  the  modulating  signal  was 
flat  Gaussian  noise  over  the  baseband.  The 
peak-to-peak  deviation  (18  db  above  RMS) 
was  varied  from  200  kc  to  1.1  Me.  Thermal 
noise  and  intermodulation  plus  thermal  noise 
were  measured. 

The  high  C/N  (26  db)  is  used  to  suppress 
thermal  noise  so  as  to  obtain  a true  indica- 
tion of  intermodulation  effects. 

Thermal  noise  was  measured  in  the  ab- 
sence of  modulation  to  determine  the  point 
at  which  S/N  improvement  with  deviation 
ceases,  and  intermodulation  distortion  pre- 
dominates. 

Results 

Figures  12-9  and  12-10  show  the  noise 
intermodulation  and  thermal  noise  obtained 
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using  a typical  limiter  discriminator  circuit, 
without  and  with  pre-emphasis,  respectively. 
Signal  to  noise  is  also  plotted  for  compar- 
ison. 

In  Figure  12-9,  taken  at  C/N  = 26  db 
without  pre-deemphasis,  it  appears  that 
thermal  S/N  in  channel  1 is  about  11  db 
poorer  than  channels  6 and  12.  In  a theo- 
retical FM  system  without  pre-deemphasis, 
the  low  channel  S/N  should  be  better  than 
that  of  the  high  channel,  because  of  the 
classical  triangular  noise  spectrum  out  of  a 
discriminator  under  high  C/N  conditions. 
The  observed  phenomenon  results  from  the 
residual  FM  in  the  system  which  becomes 
apparent  at  high  C/N  ratios.  Because  of  the 
very  high  C/N  (26  db),  thermal  noise  in  the 
top  (60  kc)  channel  is  about  55  db  below 
the  RMS  test  tone.  Bottom  channel  (12  kc) 
noise  then  should  be  theoretically  14  db  be- 
low this.  However,  the  baseband  amplifier 
noise  and  the  noise  power  of  local  oscillators 
contained  in  both  the  exciter  and  receiver 


mark  the  thermal  noise  at  this  level.  The 
power  spectra  of  these  components  generally 
increase  close  to  the  nominal  output  fre- 
quency. 

If  the  residual  low  channel  noise  were 
absent,  the  intermodulation  curves  for  all 
three  channels  would  be  nearly  the  same. 
Note  also,  that  for  high  deviations,  the  S/N 
curves  approach  each  other.  This  indicates 
that,  regarding  intermodulation  distortion, 
the  effect  is  fairly  uniform  over  the  base- 
band. This  would  be  expected  from  a system 
where  intermodulation  noise  from  amplitude 
and  phase  nonlinearities  are  essentially 
equal. 

Comparison  of  Figures  12-9  and  12-10 
shows  that  with  pre-deemphasis  the  inter- 
modulation in  the  top  channel  is  improved 
by  about  5 db.  Note  that  with  discriminator 
detection  the  peak  of  intermodulation  per- 
formance is  quite  broad. 

Figures  12-11  and  12-12  show  perform- 
ance without  and  with  pre-emphasis  but  with 
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Figure  12-11.— Noise  power  ratio  C/N  — 26  db,  phase  lock  detection  without  pre-deemphasis. 
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P-P  DEVIATION  ke 


Figure  12-12. — Noise  power  ratio  C/N  = 26  db,  phase  lock  with  pre-deemphasis. 


phase  lock  detection.  The  most  marked  dif- 
ference between  Figures  12-11  and  12-12 
and  Figures  12-9  and  12-10  is  the  rapid 
degradation  in  intermodulation  performance 
as  deviation  is  increased.  This  is  to  be  ex- 
pected, since  both  the  maximum  phase  ex- 
cursion and  phase  rate  are  limited  by  the 
phase  lock  loop  dynamics.  If  these  limita- 
tions are  exceeded,  the  phase  error  increases 
precipitously  as  does  distortion.  Top  channel 
intermodulation  improvement  with  pre-de- 
emphasis is  about  4 db. 

Figures  12-13  and  12-14  show  intermodu- 
lation performance  without  and  with  pre- 
deemphasis at  a typical  operational  C/N  of 
10  db.  From  these  curves  it  appears  that 
1 or  2 db  could  be  gained  by  increasing 
deviation  to  about  450  kc  peak-to-peak  in- 
stead of  390  kc. 

The  top  channel  improvement  with  pre- 
deemphasis is  about  5 db.  This  is  typical 
for  systems  where  amplitude  and  phase  non- 


linearities generate  approximately  equal 
noise  intermodulation. 

The  degrading  effect  of  pre-deemphasis  on 
the  low  channels  is  quite  marked  at  devia- 
tions above  400  kc  peak-to-peak.  This  can 
be  attributed  to  the  effect  of  baseband  ampli- 
tude nonlinearities.  With  pre-emphasis,  the 
high  frequency  terms  begin  overdriving  the 
demodulator  sooner  than  without  pre-em- 
phasis, and  as  a result,  the  low  frequency 
channels  receive  a considerable  amount  of 
intermodulation  power.  The  second  and 
third  order  products  of  baseband  amplitude 
nonlinearities  are  generated  by  successive 
convolutions  of  the  input  power  spectrum 
with  itself.  The  result  is  increasing  inter- 
modulation power  with  decreasing  fre- 
quency. However,  until  the  linear  portion  of 
the  demodulator  is  exceeded  (at  400  kc)  ; the 
intermodulation  in  the  bottom  and  middle 
channels  are  essentially  equal  with  and  with- 
out pre-emphasis. 
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Figure  12-13. — Noise  power  ratio  C/N  — 10  db,  phase  lock  detection  without  pre-deemphasis. 


P-P  DEVIATION  KC 


Figure  12-14. — Noise  power  ratio  C/N  ~ 10  db,  phase  lock  detection  with  pre-deemphasis. 
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SPACECRAFT  NOISE  FIGURE  IN 
NARROWBAND  MODE 

Introduction 

On  26  October  1963,  tests  were  conducted 
at  COMNUT  with  the  Relay  I spacecraft  to 
obtain  data  for  calculations  leading  to  space- 
craft receiver  noise  figure  in  the  narrowband 
mode. 

This  report  deals  with  the  theory  behind 
the  measurements  and  the  calculations  lead- 
ing to  the  spacecraft  noise  figure  evaluations. 

Experiment  Outline 

During  the  experiment  COMNUT  meas- 
ured (on  orbit  2465)  the  receiver  signal-to- 
noise  ratio  in  multiplex  channel  12  as  a func- 
tion of  transmitted  power.  The  transmitted 
power  was  successively  set  to  10  kw,  5 kw, 
3 kw,  2 kw,  1 kw,  500  w,  100  w,  and  50  w. 
The  channel  signal-to-noise  ratio  is  a func- 
tion of  the  RF  carrier-to-noise  ratio  and  is 
determined  at  critical  points  in  the  commu- 
nications system  (e.g.,  receiver  inputs  where 
thermal  noise  is  a significant  portion  of  the 
total  input).  In  the  Relay  I Satellite-COM- 
NUT  System  there  are  two  such  points:  (1) 
at  the  spacecraft  receiver  input,  and  (2)  at 
the  COMNUT  receiver  input.  These  noise 
sources  are  commonly  expressed  as  noise 
power  densities  and  are  represented  mathe- 
matically by  <£„  watts  per  cycle  of  bandwidth 
for  the  satellite  and  <£„  watts  per  cycle  of 
bandwidth  for  the  COMNUT  receiver.  Also 
<f>v  can  be  expressed  as  a noise  figure: 

NF  = 10  log  r 1 H +* 1 db 

L ' (K)  (290) J 

(12.11) 

where 

NF  = noise  figure  (db) 

<t>„  = spacecraft  receiver  noise  power  den- 

sity (watts/cycle) 

K = Boltzmann’s  constant 

(1.38  X 10-23  joules/°K/cps) 

290  = reference  temperature  (degrees 
Kelvin) 

The  relationship  between  noise  power 
densities  and  received  single  channel  signal 
to  noise  is  given  by: 


Ps 


P 


n 


o 


where 


2b  ( ) 

(12.12) 


Ps  jPn  — channel  signal  to  noise  power 
ratio 

A/.  = top  channel  modulation  index 

fm 

b = multiplex  channel  band  with  (cps) 

P = pre-emphasis  factor 

Px  = carrier  power  level  entering 

spacecraft  receiver  (watts) 
n — noise  increment  factor  due  to 
frequency  multiplication  in 
spacecraft 

G — net  gain  between  satellite  receiver 
input  and  COMNUT  receiver  in- 
put 

<£,.  — spacecraft  receiver  noise  power 

density  (watts/cps) 

<f>g  = ground  receiver  noise  power 

density  (watts/cps) 

With  the  exception  of  G and  n,  all  factors 
in  the  equation  Ps  P„  are  known  and  re- 

o O 

main  constant  during  the  experiment. 


Determination  of  G 

AGC  circuitry  in  the  spacecraft  controls 
the  main  IF  amplifier  gain  and  consequently 
the  net  gain  G,  by  maintaining  the  total  out- 
put of  the  IF  amplifier  constant. 

For  example: 


or 


G (Ps  + B,  **)  = K (12.13) 
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-f-  Br  <fi  r 
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Bv  <pr 


+ 1 

(12.14) 


where  Bv  = spacecraft  transponder  band- 
width (cps)  and  K'  = K / Bv<j>v. 

When  Ps  < < B,,  <f>„,  equation  (12.13)  re- 
duces  to 

K = GP*  ~ P* 

V a 

where  P*  = signal  power  at  ground  re- 

.</ 

ceiver. 
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Thus,  K can  be  determined  for  a specific 
system:  (1)  by  illuminating  the  spacecraft 
at  a level  whereby  the  relationship  Ps  > > 

V 

B„  <j>v  is  satisfied,  and  (2)  by  measuring  Ps . 

ff 

For  the  system  under  consideration, 
P„  = —70  dbm  when  COMNUT  trans- 

v max 

mits  10  kw.  For  a typical  spacecraft  noise 
figure  of  14  db,  Bv<f>v  = —97  dbm.  There- 
fore the  inequality  can  be  satisfied  and  K 
can  be  determined.  Once  K is  determined, 
the  net  gain  G is  determined  from  Equation 
(12.14)  as  a function  of  Ps  with  spacecraft 

V 

noise  power  density  (<f>v)  as  a parameter. 

As  an  example,  when  COMNUT  trans- 
mitted 10  kw,  Ps  was  measured  as  —99 
dbm.  Therefore,  K = —99  dbm. 


Determination  of  N 

After  entering  the  satellite  transponder, 
carrier  power,  Sv,  and  noise  power  undergo 
a frequency  translation  and  enter  a fre- 
quency tripler.  Being  a nonlinear  device,  the 
tripler  mixes  the  carrier  and  noise  power 
causing  additional  noise  products.  Equation 
(12.15),  which  follows,  demonstrates  the 
tripling  process  affecting  the  carrier  and 
noise  voltage  amplitudes: 

Vo^KiSi  + Ni)*  (12.15) 

where 

V0  = tripler  output  voltage 

Si  = tripler  input  signal  amplitude 

Ni  — tripler  input  noise  amplitude 


Expanding, 

Si3  + 5Si2N<  + S SW  + Ni3 


Here,  Sts  represents  the  amplitude  of  the 
tripled  carrier  frequency.  The  other  terms 
represent  noise  contributions.  The  noise-to- 
signal  ratio  at  the  output  of  the  tripler  can, 
therefore,  be  written  as: 


N0  _ 3 Si2Ni  3 Si  Ni2  , 
So  ~ Si3  ^ Si3  ^ 


No 

So 


Ni  3 Ni2  Ni3 


- 3^f+  or 

=tH  3 + 3 


+ 

Ni 


Si3 

. Nt 2 
Si  + St 2 


(12.16) 


where 

^r~—  tripler  output  noise-to-signal 

voltage  ratio 
and 

N- 

-ft-=  tripler  input  noise-to-signal 

Oj 

voltage  ratio 

The  term  ( 3 + 3 is  the  fac- 

tor by  which  input  noise  to  carrier  is  in- 
creased due  to  the  frequency  tripling  process. 
The  noise  power  increase  resulting  from 
frequency  tripling  of  a carrier  is  obtained 
by  squaring  Equation  (1^.16)  resulting  in: 


No2  Pnolo  , s Ni  , Ni2  )2  Ni2 
So2  ~Ps  + Si  + Si2  I s^ 

o 


= n 4- 


Ni2 


= n* 


where  n 2 is  defined  as  the 
crement  factor. 

Figure  12-15  shows  the 
tween  S{  /N{  and  n2. 


(12.17) 
noise  power  in- 
relationship be- 


FiGURE  12-15. — Signal  to  noise  characteristics  of 
multiplex  channel  12  Relay  I orbit  2465. 
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Note  that  for  large  earrier-to-noise  values 
the  square  of  the  increment  factor  ap- 
proaches nine  which  is  the  square  of  the 
frequency  multiplication  factor.  The  values 
of  G and  n2  can  then  be  used  in  Equation 
(12.12)  to  obtain  theoretical  values  of 
(P,  /Pn  ) . 

0 O 

Determination  of  Spacecraft  Noise  Figure 

The  theoretical  values  of  signal  to  noise 

(Ps  /Pn  ) with  4>r  as  a parameter  can  be 

0 0 

presented  as  a family  of  curves.  Empirical 
values  of  (Ps  IP „ ) can  then  be  superimposed 

0 O 

upon  these  theoretical  curves.  The  theoret- 
ical curve  most  closely  matching  the  empir- 
ical one  determines  noise  figure. 

Experiment  and  Calculations 

Experiment  Procedure 

The  previous  section  discussed  the  theory 
and  relationships  needed  to  determine  space- 
craft noise  figure.  Channel  signal-to-noise 
measurements  were  conducted  to  provide 
the  information  for  calculating  G and  empir- 
ical signal-to-noise  values. 

Signal-to-noise  measurements  were  per- 
formed for  orbit  2465  as  described  in  the 
Relay  Communication  Experiment  Plan  Test 
IIIB1  (Rl-0521)  except  that  transmitted 
power  was  programmed  in  steps  descending 
from  10  kw  to  50  watts.  The  signal-to-noise 
ratio  in  Multiplex  Channel  12  was  measured 
at  each  power  level. 

Calculation  of  Parameters 

This  section  presents  typical  calculations 
which  lead  to  spacecraft  receiver  noise  fig- 
ure. 

Path  loss  between  COM  NUT  and  the  space- 
craft at  1,733.33  Me:  Up-link  path  loss  is 
given  by: 

a = 32.1  + 20  log  / + 20  log  d 

where 

a = path  loss  (db) 

/ = frequency  (Me) 

d — distance  (km) 

Range  variations  for  orbit  2465  cause  only 
a ±:0.1-db  change  in  path  loss,  so  only  one 


range  calculation  is  necessary.  At  1,723.33 
Me,  the  path  loss  for  an  average  range  of 
7,977  km  is  : 

« = 32.9  + 20  log  1723.33  + 20  log  7977 
a = 176  db 

Carrier  power  Ps^  arriving  at  the  satellite : 
= Pr  + A — a Av  dbm 

PT  — transmitted  power  (dbm) 

A = COMNUT’s  antenna  gain  (37.6  db) 
a = path  loss  (db) 

Av  — spacecraft  antenna  gain  (db) 

When  COMNUT  transmitted  10  kw,  the 
carrier  power  arriving  at  the  satellite  was: 

P,  — +70  +37.6  -176  -3  = -71.4  dbm 

V 

Theoretical  Signal-to-N oise  ratio  (Ps  /P„  ) 

O 0 

to  be  expected  in  multiplex  channel  12:  Tabu- 
lated below  are  terms  and  their  values  to  be 
inserted  in  Equation  (12.12).  These  are 
obtained  from  known  system  parameters. 

A f = 126  kc  peak 

£-L  = 2.21  = 3.44  db 

/to 

b = 3 X 103  cps  — 34.8  db  above  1 cps 
<j>„  = —170.6  dbm/cycle  for  a system  tem- 

perature of  350°K 
tbr  — assumed  parameter 

n2  — function  of  Si/A/,; 

G = to  be  determined 

B = effective  system  noise  bandwidth 

(controlled  by  the  phase  locked  loop 
in  COMNUTS  communications  re- 
ceiver.) 

B,  = bandwidth  of  spacecraft  in  the  nar- 
rowband mode  (2  X 106  cps  or  63.2 
db  above  1 cps*) 

K — -99  dbm 

The  following  steps  are  used  to  calculate 
the  theoretical  signal  to  noise  ratio  (Ps  /P„  ) 

O O 

to  be  expected  at  COMNUT  as  a function  of 
carrier  power  (Ps  ) entering  the  spacecraft 

V 

receiver.  A typical  set  of  calculations  is  also 
presented  for  an  assumed  spacecraft  re- 

* “Relay  System  Data  Book,”  Space  Technology 
Laboratories,  Inc.,  Los  Angeles,  5 February  1962. 
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ceiver  noise  figure  of  12  db  and  carrier  ( P3  ) 

V 

power  of  —72  dbm. 

4>v  = KTn  = 10  log  K + 10  log  290  + NF 
= —174  + 12  = —162  dbm/cps 
Bg  <f>v  - 56  -162  = -106  dbm 
Bv  4>v  = 63.2  —162  = —98.8  dbm 

GPS 

K'  = - — 2 - -99  + 98.8  = -0.2  db 
Bat, 

Ps 

—JL=  -72  4-  98.8  = 26.8  db 
Bv<f>v 


K' 

K' 

' Ps 

Ps 

* + 1 

V 

Bv<t>r 

= -0.2  -26.8  = -27  db 

2 P 

° = / A/  \ 1 

Pn  \ fm  I 2b  * W2  <f>v  + <i>g 

« G 

= 6.88  —72  —37.7  —10  log  (n2  <f>„  -j-  — — f-  p), 

G 


For  this  particular  case, 

w2  = 9 = 9.5  db 
»2  <l>v  = 152.45  dbm/cps 

= 143.6  dbm/cps 
G 

10  log  n2<f>v  +-77-=  -143.6  dbm/cps 
G 

Ps 

— -=  (40.8  + p)  db 

P n 

o 

Ps 

Figure  12-16  is  a plot  of  °~  vs  Ps 

P v 

* w 

o 

in  channel  12  as  measured  during  orbit  2645. 
Figure  12-17  is  a plot  of  calculated  Ps  /Pn 

O O 

vs.  Ps  with  <f>v  (or  spacecraft  noise  figure) 

V 

as  a parameter,  considering  P = 0.  It  is  seen 
in  Figure  12-17  that  for  Ps  Ss  —60  dbm, 

V 

Ps  /Pn  is  essentially  independent  of  <j>v . 


Figure  12-16. — Expected  signal  to  noise  character-  Figure  12-17. — Composite  empirical  and  normalized 
istics  of  channel  12  with  spacecraft  noise  figure  theoretical  signal  to  noise  characteristics  for 

as  a parameter.  Relay  I orbit  2465. 
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This  enables  one  to  normalize  the  theoret- 
ical curves  so  that  a comparison  can  be  made 
between  empirical  and  theoretical  values. 
Figure  12-17  shows  the  normalized  theo- 
retical curves  superimposed  on  the  empirical 
curve  in  such  a manner  as  to  give  equal  re- 
sults at  Ps  = — 60  dbm.  This  has  been  done, 

V 

in  effect,  by  assuming  P = 4 db  which  is  the 
normal  value  for  pre-emphasis  improvement. 

Conclusions 

Figure  12-17  shows  the  empirical  values 
of  signal-to-noise  in  Multiplex  Channel  12 
superimposed  on  the  family  of  theoretical 
curves.  At  Ps  ■==  —70  dbm,  the  empirical 

v 

signal-to-noise  ratio  corresponds  essentially 
to  the  theoretical  signal-to-noise  for  a 16-db 
spacecraft  receiver  noise  figure.  At  Pa  = 

V 

—85  dbm,  the  empirical  signal-to-noise  ratio 
corresponds  to  the  theoretical  values  for  a 
spacecraft  noise  figure  of  18  db.  Therefore, 
the  spacecraft  receiver  noise  figure  is  a 
function  of  carrier  power  arriving  at  the 
satellite’s  receiver,  as  shown  in  Table  12-3. 
This  agrees  with  prelaunch  measurements, 
which  are  shown  for  comparison. 


Table  12-3. — Satellite  Receiver  Noise  Figure  as  a Function 
of  Received  Carrier  Power 


Carrier 

power 

Noise  figure 
(from  Orbit  2465  tests) 

Noise  figure 
(from  prelaunch  tests) 

(dbm) 

(db) 

(db) 

-70 

16 

14.2 

-80 

17 

16,8 

-85 

18 

— - 

It  appears  that  the  noise  performance  of 
the  spacecraft  has  degraded  from  the  pre- 
launch performance.  -For  a typical  oper- 
ating point  of  —70  dbm  the  degradation  is 
seen  as  1.8  db  worsening  in  noise  figure. 

NEAR-ZENITH  TRACKING  EXPERIMENT 

Near-zenith  passes  are  among  the  most 
severe  tests  on  an  az-el  tracking  mount  be- 


cause of  the  high  azimuth  velocity  and  accel- 
eration capabilities  required  to  maintain 
proper  antenna  pointing.  A typical  near- 
zenith pass  was  Relay  I orbit  1137.  Figure 
12-18  is  a polar  plot  of  the  near-zenith  por- 
tion of  this  pass  which  occurred  between 
0033Z  and  0034Z.  From  this  plot  it  can  be 


Figure  12-18.— Relay  I orbit  1137,  polar  of  zenith 
part  of  pass. 


seen  that  the  maximum  elevation  angle  was 
89.6  degrees.  The  maximum  azimuth  rate 
was  8 degrees/second. 

Figure  12-19  is  a section  of  the  strip 
chart  recording  taken  during  the  pass.  The 
trace  of  azimuth  error  shows  a maximum 
error  voltage  of  150  mv.  This  value  of  error 
is  compatible  with  the  peak  rate  of  8 de- 
grees/second. The  autotrack  system  has  an 
error  slope  of  1 volt/degree ; this  error  volt- 
age corresponds  to  an  angular  difference  of 
9 minutes  between  the  electrical  axis  of  the 
azimuth  error  channel  and  the  azimuth  di- 
rection of  the  satellite. 
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Figure  12-19. — Typical  zenith  path  Relay  I 
orbit  1137. 


GENERAL  CONCLUSIONS 

The  purpose  of  this  report  has  been  to 
present  an  analysis  of  selected  experiments 
performed  by  COMNUT  on  Relay  I during 


1963.  Wherever  possible,  measured  perform- 
ance has  been  compared  with  theoretical 
performance  to  establish  the  validity  of  both 
the  analytical  and  empirical  results. 

Measurements  of  envelope  delay  and  NPR 
have  shown  good  agreement  with  their  cal- 
culated values.  However,  work  is  continuing 
on  improving  measurement  techniques  and 
the  interpretation  of  data. 

It  has  been  successfully  demonstrated  that 
the  two  tone  test  provides  a means  for  sep- 
arately predicting  the  contributions  of  am- 
plitude and  phase  nonlinearities  to  noise 
intermodulation. 

It  has  been  shown  that  measured  and  cal- 
culated values  of  signal-to-noise  ratio  agree 
quite  well,  and  that  the  phase-locked  detec- 
tion system  used  in  COMNUT’s  receivers 
provides  a threshold  improvement  of  4 db. 

The  results  of  the  measurement  of  satellite 
noise  figure  show  degradations  of  about  2 db 
from  prelaunch  values. 

Investigations  are  continuing  on  each  of 
the  areas  covered  in  the  report  to  provide 
additional  data  on  system  performance  as 
well  as  changes  in  performance  with  time. 

Authors.  This  chapter  was  written  by 
personnel  of  the  International  Telephone 
and  Telegraph  Federal  Laboratories,  Nutley, 
New  Jersey,  U.S.A.  under  contract  NAS 
5-2056  with  NASA/Goddard  Space  Flight 
Center. 
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APPENDIX  A:  DEVELOPMENT  OF  SECOND  AND 
THIRD  ORDER  HARMONIC  COMPONENTS 


Collecting  terms  of  like  frequency  the  ampli- 
tudes are  tabulated  below. 


The  input-output  relationship  is: 

"a  = Y«(t)+  m2ViHt)  + msViHt) 

d n ~i  dr  t 


V, 

+ m*ft 

For  two-tone  tests: 


- y r \ -j-  rrv 3 r $ / 

-..one  tests: 

Vi  = g £ sin  <0,  t 4-  sin  «2 1 j 
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2 sin  a)!  t sin  <o2 1 j 


O)  2 


£ + 
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GSFC  Demonstrations 


INTRODUCTION 

For  the  purposes  of  this  report,  a demon- 
stration is  defined  as  an  operation  with  the 
spacecraft  at  the  request  of  an  individual  or 
organization,  not  necessarily  associated  with 
test  operations,  for  the  purpose  of  exhibiting 
the  capability  of  the  spacecraft  as  a world- 
wide communication  link.  Within  this  defini- 
tion, several  demonstrations  can  be  conducted 
during  one  revolution  of  the  spacecraft,  and 
several  types  of  operations  can  be  performed 
within  the  limits  of  one  demonstration.  For 
these  reasons  it  is  not  incorrect  to  state  that 
112  revolutions  were  used,  during  which  133 
demonstrations  were  conducted,  consisting 
of  the  following  elements: 

• 80  television  operations  including  4 fail- 
ures 

• 14  facsimile  operations  including  2 fail- 
ures 

• 7 teletype  operations  including  1 failure 

• 35  voice  operations  including  13  failures 

• 5 special  operations  including  2 failures 

Demonstration  participation  by  the  several 

ground  stations  is  shown  in  the  following 
chart. 

Several  significant  firsts  in  the  field  of 
satellite  communications  were  accomplished 
during  this  period.  The  earliest  was  during 
revolution  267  on  17  January  1963  when  the 
continent  of  South  America  was  welcomed 
into  this  type  operation  through  COMRIO, 


Station 

i 

Type  demonstration 

TV 

Fax 

TTY 

Voice 

Special 

COMAND 

75 

2 

1 

14 

COMBOD 

32 

2 

1 

2 

COMGEB 

2 

COMHIL 

42 

6 

13 

3 

COMIBA 

5 

COMMOJ 

5 

COMNUT 

12 

6 

19 

5 

COMRIO 

5 

3 

18 

1 

COMTEL 

1 

5 

4 

2 

*See  Appendix  C,  Papce  556  for  location  of  ground  stations. 


the  “Radional”  station  at  Jacarepagua  in 
suburban  Rio  de  Janeiro,  Brazil.  Voice  and 
teletype  messages  were  transmitted  in  both 
directions  in  English,  Portuguese  and  Span- 
ish. 

On  8 November  1963,  during  revolution 
2566,  greetings  were  exchanged  between  Mr. 
James  Webb,  NASA  Administrator,  and  Mr. 
Richard  Stuecklen  of  the  Deutsche  Bundes- 
post.  These  greetings  were  exchanged  via 
the  COM  AND  and  COMGEB  stations.  Thus 
was  Germany  welcomed  into  the  field  of 
space  communications. 

Japan  was  first  contacted  via  satellite  on 
22  November  1963  when  a prepared  inaugu- 
ral television  program  was  transmitted  to 
COMIBA  from  COMMOJ. 

On  28  September  1963  during  revolution 
2722  material  was  transmitted  from  COM- 
BOD  to  COMAND.  The  European  material 
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was  then  augmented  by  more  material  in 
the  United  States  and  was  later  transmitted 
from  COMMOJ  to  COMIBA.  Of  prime 
significance  in  this  operation  was  the  demon, 
stration  of  the  truly  international  character- 
istic of  satellite  communication.  Material 
was  taped  in  France,  Italy,  Russia,  England 
and  other  European  countries  by  the  British 
Broadcasting  Company  and  transmitted  from 
the  French  ground  station  to  the  United 
States.  The  material  added  here  was  from 
Canada  and  Mexico  as  well  as  from  the 
United  States.  Reports  indicate  that  the 
material  was  enthusiastically  received  in 
Japan. 

TELEVISION 

The  four  television  attempts  which  failed 
were  as  follows: 

1.  Revolution  1353  when  the  network  pool 
coordinator  did  not  order  lines  between  Paris 
and  Pleumeur-Bodou. 

2.  Revolution  1500  due  to  an  equipment 
failure  at  COMHIL. 

3.  and  4.  During  revolution  1516  and  1523 
where  the  BBC  experienced  trouble  in  their 
equipment  at  London. 

The  subject  material  of  these  demonstra- 
tions was  quite  varied,  ranging  from  the 
opening  ceremonies  of  the  Mona  Lisa  dis- 
play in  Washington  to  the  opening  cere- 
monies of  the  annual  TV  “Emmy”  awards 
program.  There  were  isolated  individual 
programs  such  as  the  conferring  of  United 
States  citizenship  on  Sir  Winston  Churchill 
and  there  were  subjects  which  received  mass 
coverage  such  as  the  nine  transmissions  as- 
sociated with  the  death  and  election  of  the 
Pope,  seven  concerning  the  MA-9  launch, 
nine  on  President  Kennedy’s  trip  to  Europe 
and  seventeen  on  President  Kennedy’s  as- 
sassination and  funeral. 

Selected  demonstrations  are  discussed  and 
pictures  taken  of  the  monitors  during  those 
demonstrations  are  exhibited  in  Appendix  A 
of  this  chapter.  The  selection  of  demonstra- 
tion for  Appendix  A was  based  upon  avail- 
ability of  photographs  and  for  video  tapes 
as  well  as  the  desire  to  present  an  example 


of  each  normal  operating  combination,  i.e., 
COMAND  to  COMBOD,  COMHIL  to  COM- 
AND, etc. 

The  material  used  during  revolution  749 
on  20  March  1963,  although  not  planned  as 
a demonstration,  was  used  on  a National 
Broadcasting  Corporation  network  program. 
It  consisted  of  ten  minutes,  in  color,  from 
the  “Kidnapped”  story  presented  on  Walt 
Disney’s  “Wonderful  World  of  Color”  pro- 
gram. The  material  originated  in  New  York, 
was  looped  through  the  spacecraft  at 
COMAND  and  was  sent  back  to  New  York 
where  it  was  taped. 

FACSIMILE 

The  two  attempts  at  facsimile  demonstra- 
tions which  failed  were  during  revolution 
664  when  the  spacecraft  could  not  be  com- 
manded properly  and  revolution  1044  when 
COMRIO  could  not  operate. 

The  subject  material  for  these  demonstra- 
tions consisted  mainly  of  news  photographs 
and  descriptive  material  for  magazine  ar- 
ticles. Of  special  interest  were  the  following : 

1.  Revolution  657  on  8 March  1963  dur- 
ing which  a photograph  of  Mrs.  Betty 
Miller,  a woman  pilot,  was  transmitted  from 
COMNUT  for  simultaneous  reception  at 
COMBOD,  COMHIL  and  COMTEL.  The 
Associated  Press  offices  in  Rome  and  in  Lon- 
don retransmitted,  via  cable,  back  to  New 
York  the  results  of  the  demonstration.  These 
photographs  and  the  original  are  reproduced 
in  Figure  1-1. 

2.  Revolution  997  on  21  April  1963  during 
which  color  facsimile  was  transmitted  from 
COMNUT  to  COMTEL.  The  results  of  this 
transmission  were  used  by  several  publica- 
tion in  Italy.  A copy  of  the  three  black  and 
white  masters  for  this  particular  pass  are 
shown  in  Figure  1-2. 

3.  Revolutions  1035  on  25  April  1963  when 
color  facsimile  was  transmitted  from  COM- 
NUT to  COMHIL  and  1073  on  30  April 
1963  when  the  same  picture  was  transmitted 
back  from  COMHIL  to  COMNUT.  A repro- 
duction of  the  picture  was  used  on  the  cover 
of  “Electronics”  magazine. 


Thi  s i * be  i nj?  t ran  *«ii.  tied  Marrh 

from  Tb*«  A** art  a ted  * in  N*w  V,*rk  v 

■♦h©  :>lrtv  T »at-*  lllt«*  t«»  M’  in  '•••.■•  ?•*••!*>«„ 

■»?»  ft'i  &<*>*»» 

:.«nu  v«nicft,r^if  . # >*,«,  n * ?.-. 

f »v  -ola  to  Australia  m>xt  w^>x  to  • <•■*.;• 
r $•■  s-tull  private  plan©  In  Sydney..  V 
. r?-  • ■ oft.«>(!  A9-Ma.ro  h ? ) 


ixpiort^ht*!  tmBytwJi! 


■•«uin'»!wa  ?*  l*  rehi-ji*  «b4  ?«  i»*i 
ior  v»<*  r<>  1 x^k {5  h<u?k  to  AP’»  ft* 
■ i j.  r .fin  yi  ■ » « *n  la  p I.v  . 

<1  »yU  1y  xt  r»}>h(itn  t ranx«i».«?  ®» 


* : i#  :'#r*i« 

Sustr.il  1 1 


Picture  received  in  New  York  Picture  received  in  New  York 

from  Rome  from  London 


Figure  1-1.— COMNUT  to  COMBOD,  COMHIL,  and  COMTEL,  revolution  657,  8 March  1963. 
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Figure  1-2. — COMNUT  to  COMTEL.  Revolution 
997,  21  April  1963. 


TELETYPE 

Of  the  seven  teletype  demonstrations, 
COMAND  participated  in  one,  COMNUT  in 
six,  COMTEL  in  four  and  COMRIO  in  three. 
The  only  failure  was  during  revolution  407 
on  4 February  1963  when  an  equipment  mal- 
function at  COMNUT  necessitated  termina- 
tion of  transmission  after  one  demonstration 
had  been  completed,  but  prior  to  the  start 
of  a second. 

The  material  used  was  press  copy  and 
magazine  article  material  as  well  as  some 
interchange  of  greetings.  A portion  of  the 
message  transmitted  during  the  first  half  of 
revolution  407  on  4 February  1963  is  repro- 
duced herein  as  received  at  COMRIO  and 
retransmitted  to  Goddard  Space  Flight  Cen- 
ter. The  message  is  in  Portuguese  and  is 
part  of  an  article  for  “Visao”  magazine,  a 
Brazilian  publication. 

VOICE 

Of  the  35  voice  transmissions,  COMAND 
participated  in  13,  COMHIL  in  14,  COMTEL 
in  2,  COMNUT  in  19,  COMRIO  in  18,  and 
COMGEB  in  2.  The  thirteen  failures  were 
as  follows. 

1.  through  7.  were  during  revolutions  383, 
391,  796,  797,  812,  813,  and  827  when  COM- 
RIO was  unable  to  support. 


QUANDQ  0 SA t ELITE  DE  COHUNICACOES  RELAY  PASSAVA  POR  SOBRE  A 
AMERICA  DO  NORTE  HA  ALGUNS  DIAS,  UMA  HEN SAG EH  RADIFONICA  DO  SATELITE 
FOX  CAPTADA  PELO  CENTRO  DE  VOO  ESPACIAL  DE  GODDARD,  PERTO  DE 
WASHINGTON  D.C.  AO  LER  A MENSAGEM,  JACK  FLAHERTY,  DIRECTOR  DO 
PROGRAMA  DE  LANCAMENTO  DESS  SATELITE,  OBSERVOU  PARA  UM  DE  SEUS 
ASSISTENTES:  0 SATELITE  ESTA  FRIO.  A TEMPERATURA  GAIU  PAftA  12 
DEGREES  C.  VAMOS  CANCELAR  TODAS  AS  COHUNICACOES  EXPERIMENTAL  COM 
0 BRASIL  NAS  PROXIMAS  0R3ITAS  E ESPERAR  QUE  AS  BATERIAS  DO  SATELITE 
SE  CARREGUEM  NOVAMENTE. 

UMA  VEZ  RECARREGADAS,  AS  BATERIAS  C0MECARAM  A GERAR  CALOR  E A 
TEMPERATURA  INTERIOR  DO  RELAY  LOGO  ATINGIU  22  DEGREES  C,  QUANGO  OS 
DEL IC ADOS  INSTRUM ENT OS  DO  RELAY  PU DERAM  VOLTAR  A FUNCIONAR, 
NORHALMENTE,  DENTRO  DO  MAXIMO  CONFORTO. 

MULTIPLIQUE  ESTE  PEQUENO  PROBLEMA  PELOS  120  SATELITES  QUE  OS 
ESTADOS  UNIDOS  JA  LANCARAM  COM  EXITO  NOS  ULTIMOS  CINCO  ANOS,  E 
DEPOIS  MULTIPLIQUE  ESSE  RESULTADO  PELOS  MILHARES  DE  DADOS  QUE  CADA 
UM  DESSES  SATELITES  NOS  TRANSMITE,  E E FACIL  AVALIAR  A TRABALHEIRA 
QUE  NOS,  AQUI  EM  TERRA,  TEMOS  COM  ESS A MA RAVILHOSA  ERA  DO  ESPACO, 

DIZ  JACK  FLAHERTY. 

OS  CIENTISTAS  ESPACIATS  ESTADUNIDENSES  FORAM  AUTHORIZADOS  A 
SOLICITAR  ASSISTENCIA  E COOPERACAO  DE  CERCA  DE  VINTE  PAISES  PARA  A 
CONSTRUCCAO  DE  SUAS  QUATRO  REDES  DE  ESCUTA,  QUE  HOJE  CONTAM  COM  27 
ESTACOES  DOS  ESTADOS  UNIDOS,  EM  19  PAISES  DIFERENTES,  SENDO  SEIS  NA 
AMERICA  LATINA. 

8.  and  9.  during  revolution  1027  when  the 
command  encoder  failed  at  COMCON. 

10.  during  revolution  1044  when  COMRIO 
was  unable  to  support. 

11.  and  12.  during  revolution  1392  when 
there  was  an  antenna  steering  failure  at 
COMHIL. 

13.  during  revolution  2248  when  a tele- 
phone operator  opened  the  circuit  because 
no  one  was  speaking. 

The  material  comprising  all  these  demon- 
strations was  quite  varied,  ranging  from  tele- 
phone calls  between  engineers  to  evaluate 
the  quality  of  transmission  to  greetings  of 
address  between  heads  of  government  agen- 
cies. 

Because  there  is  no  way  to  present  in  print 
the  results  of  voice  transmission  for  sub- 
jective analysis,  none  of  these  demonstra- 
tions are  herein  discussed  in  detail.  It  must 
be  said,  however,  that  the  great  majority 
of  participants,  whose  opinions  have  been 
made  known  to  the  writer,  are  in  agreement 
that  satellite  voice  communication  is  gen- 
erally of  excellent  quality. 

A special  engineering  test,  not  planned  as 
a demonstration  but  of  public  interest,  was 
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that  on  13  September  1963  during  RELAY 
revolution  2131/32,  a telephone  conversation 
was  completed  from  Mr.  Howard  Miller, 
a NASA/GSFC  representative  on  board  the 
USNS  “KINGSPORT”  in  the  harbor  at 
Lagos,  Nigeria  to  Joao  Carlos  Fonseca,  the 
station  manager  at  COMRIO  in  Brazil.  The 
routing  of  the  conversation  was  from  the 
“KINGSPORT”  to  Fort  Dix,  New  Jersey 
via  SYNCOM  thence  to  COMNUT,  in  Nutley, 
New  Jersey  via  normal  telephone  circuits 
and  from  COMNUT  to  COMRIO  via  Relay. 

SPECIAL 

Of  the  five  special  transmissions  all  were 
participated  in  by  COMNUT,  two  by  COM- 
BOD  and  three  by  COMHIL.  The  two  fail- 
ures were  during  revolution  1291  when  an 
operator  somewhere  between  the  Mayo  Clinic 
and  COMNUT  attempted  to  clear  the  “noise 
on  the  line”  which  was  an  electroencephalo- 
gram calibration,  and  revolution  1392  when 
COMHIL  was  unsuccessful  in  transmitting 
automatic  typesetting  data  to  COMNUT. 

The  success  consisted  of  transmission  of 
an  electroencephalogram  from  the  Mayo 
Clinic  to  the  Burden  Neurological  Center 
during  revolution  1035  on  25  April  1963,  a 
fetal  electrocardiogram  from  the  Mt.  Sinai 
Hospital  in  Milwaukee,  Wisconsin  to  the 
C.N.R.S.  in  Paris,  during  revolution  1291  on 
28  May  1963,  automatic  typesetting  from 
Chicago,  Illinois  to  London  and  Rio  de  Ja- 
neiro and  from  Rio  de  Janeiro  to  Chicago 
during  revolution  1392  on  10  June  1963,  and 
automatic  typesetting  from  London  to  Chi- 
cago during  revolution  1423  on  14  June  1963. 

Author.  This  chapter  was  contributed  by 
G.  Bullock,  NASA/Goddard  Space  Flight 
Center,  Greenbelt,  Maryland,  U.S.A. 

APPENDIX  A 

Of  the  80  television  demonstrations,  six 
have  been  selected  for  further  elaboration. 
The  selection  of  these  six  was  based  upon 
availability  of  photographs  and/or  video 
tapes  as  well  as  the  desire  to  present  an 
example  of  each  normal  operating  combina- 
tion, i.e.,  COMAND  to  COMBOD,  COMHIL 


to  COMAND,  etc.  The  selected  six  are: 
Rev.  207— COMAND  to  COMBOD 
Rev.  910— COMAND  to  COMHIL 
Rev.  1189— COMAND  to  COMTEL 
Rev.  1508— COMBOD  to  COMAND 
Rev.  1531— COMHIL  to  COMAND 
Rev.  2677— COMMOJ  to  COMIBA 
Revolution  207  on  9 January  1963  was  the 
first  demonstration  of  any  type  via  the  Relay 
I spacecraft.  It  consisted  of  the  transmis- 
sion from  COMAND  to  COMBOD  of  the 
program  associated  with  the  opening  to  the 
public  of  the  Mona  Lisa  display  in  Wash- 
ington, D.C.  (See  Figure  1-3). 


Figure  1-3. — First  demonstration  via  Relay  I space- 
craft, COMAND  to  COMBOD,  revolution  207, 
9 Jan.  1963. 
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Revolution  910  on  9 April  1963  was  a dem- 
onstration transmission  involving  Relay  I 
and  the  English  station.  The  transmission 
was  from  COMAND  to  COMHIL  and  con- 
sisted of  the  ceremonies  during  which  Presi- 
dent Kennedy  bestowed  honorary  United 
States  citizenship  on  Sir  Winston  Churchill. 
(See  Figure  1-4.) 


Figure  1-4. — COMAND  to  COMHIL,  revolution  910 
on  9 April  1963. 


Revolution  1189  on  15  May  1963  was  a 
COMAND  to  COMHIL  program  of  miscel- 
laneous studio  pictures  and  material  asso- 
ciated with  the  MA— 9 launch.  COMTEL 


monitored  the  transmission  and  sent  pictures 
of  their  reception  to  Goddard  Space  Flight 
Center.  (See  Figure  1-5). 

Revolution  1508  on  25  June  1963  was 
a COMBOD  to  COMAND  transmission  of 
events  associated  with  President  Kennedy’s 
visit  to  Frankfurt,  Germany.  The  material 
was  recorded  at  COMAND.  These  photo- 
graphs were  made  from  the  COMAND  video 
tape  recording.  (See  Figure  1-6.) 


Figure  1-5.-— COMAND  to  COMHIL,  revolution 
1189,  15  May  1963. 
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Figure  l-6.-^COMBOD  to  COM  AND,  revolution 
1508,  25  June  1963. 


Revolution  1531  on  28  June  1963  was  a 
COMHIL  to  COMAND  transmission  of  Presi- 
dent Kennedy’s  speech  to  the  Irish  Parlia- 
ment. This  program  was  used  live  on  the 
National  Broadcasting  Company  network. 
These  photographs'  were  made  from  the 
COMAND  video  tape  recording.  (See  Fig- 
ure 1-7). 

Revolution  2677  on  22  November  1963 
marked  the  first  Japanese  demonstration  and 
consisted  of  a COMMOJ  to  COMIBA  trans- 
mission of  a program  of  welcoming  messages 
to  inaugurate  operation  at  the  Japanese 


Figure  1-7. — COMHIL  to  COMAND,  revolution 
1531,  28  June  1963. 


terminal.  These  photographs  are  from  the 
video  tape  recording  made  at  COMIBA.  (See 
Figure  1-8). 

APPENDIX  B 

This  appendix  is  a tabulation  of  all  the 
demonstrations  performed.  Each  revolution 
used  and  the  date  it  occurred  is  listed.  Tab- 
ulated versus  the  number  listing  is  the  type 
of  demonstration  performed.  The  attempt 
number  (under  A)  success  number  (under 
S)  and  failure  number  (under  F)  is  listed 
by  type  and  total  for  each  revolution. 


RELAY 


T/ 


Rev. 

Date 

TV 

Fax 

A 

8 

F 

A 

S 

207 

1-  9-63 

1 

1 

208 

1-  9-63 

1 

1 

267 

1-17-63 

275 

1-18-63 

285 

1-19-63 

2 

2 

363 

1-29-63 

383 

2-  1-63 

391 

2-  2-63 

407 

2-  4-63 

407 

2-  4-63 

440 

2-  8-63 

440 

2-  8-63 

440 

2-  8-63 

657 

3-  8-63 

2 

2 

663 

3-  9-63 

664 

3-  9-63 

3 

757 

3-10-63 

4 

3 

789 

3-25-63 

5 

4 

795 

3-26-63 

3 

3 

796 

3-26-63 

797 

3-26-63 

812 

3-28-63 

813 

3-28-63 

827 

3-30-63 

828 

3-30-63 

874 

4-  5-63 

4 

4 

905 

4-  9-73 

5 

5 

910 

4-  9-63 

6 

6 

926 

4-11-63 

7 

7 

927 

4-12-63 

8 

8 

967 

4-17-63 

967 

4-17-63 

6 

5 

982 

4-19-63 

7 

6 

983 

4-19-63 

8 

7 

997 

4-21-63 

9 

8 

1013 

4-22-63 

1027 

4-24-63 

1027 

4-24-63 

1035 

4-25-63 

10 

9 

1035 

4-25-63 

11 

10 

1035 

4-25-63 

1044 

4-26-63 

12 

1044 

4-26-53 

1073 

4-30-63 

1073 

4-30-63 

13 

11 

1160 

5-11-63 

1174 

5-13-63 

9 

9 

1181 

5-14-63 

10 

10 

1189 

5-15-63 

11 

11 

1191 

5-16-63 

12 

12 

1191 

5-15-63 

13 

13 

1197 

5-16-63 

14 

14 
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Table  1-1. — (Continued) 


Rev. 

Date 

TV 

Fax 

TTY 

Value 

Special 

Total 

A 

S 

F 

A 

S 

F 

A 

F 

S 

A 

S 

F 

A 

F 

F 

A 

S 

F 

1199 

5-16-63 

15 

15 

53 

40 

1206 

5-17-63 

16 

16 

54 

41 

1253 

5-23-63 

17 

17 

55 

42 

1260 

5-24-63 

18 

18 

56 

43 

1291 

5-28-63 

26 

16 

2 

2 

57 

44 

1291 

5-28-63 

3 

1 

58 

14 

1307 

5-30-63 

19 

19 

59 

45 

1315 

5-31-63 

20 

20 

60 

46 

1329 

6-  2-63 

21 

21 

61 

47 

1345 

6-  4-63 

22 

22 

62 

48 

1345 

6-  4-63 

23 

23 

63 

49 

1353 

6-  5-63 

24 

1 

64 

15 

1392 

6-10-63 

4 

2 

65 

16 

1392 

6-10-63 

27 

11 

66 

17 

1392 

6-10-63 

28 

12 

67 

18 

1415 

6-13-63 

29 

17 

68 

50 

1415 

6-13-63 

7 

6 

69 

51 

1423 

6-14-63 

5 

3 

70 

52 

1423 

6-14-63 

30 

18 

71 

53 

1462 

6-19-63 

25 

24 

72 

54 

1469 

6-20-63 

26 

25 

73 

55 

1477 

6-21-63 

27 

26 

74 

56 

1485 

6-22-63 

28 

27 

75 

57 

1492 

6-23-63 

29 

28 

76 

58 

1500 

6-24-63 

30 

2 

77 

19 

1508 

6-25-63 

31 

29 

78 

59 

1516 

6-26-63 

32 

3 

79 

20 

1523 

6-27-63 

33 

4 

i 

80 

21 

1531 

6-28-63 

34 

30 

81 

60 

1539 

6-29-63  ! 

35 

31 

1 

82  J 

61 

1547 

6-30-63 

36 

32 

83 

62 

1554 

7-  1-63 

37 

33 

84 

63 

1562 

7-  2-63 

38 

34 

85 

64 

2100 

9-  9-63 

39 

35 

86 

65 

2162/63 

9-17-63 

40 

37 

87 ; 

66  j 

2248 

9-28-63 

31 

13 

88 

22 

2342 

10-10-63 

41 

38 

89 

67 

2403 

10-18-63 

14 

12 

90 

68 

2404 

10-18-63 

42 

38 

91 

69 

2436 

10-22-63 

43 

39 

92 

70 

2442 

10-23-63 

44 

40 

93 

71 

2449 

10-24-63 

32 

19 

94 

72 

2459 

10-25-63 

45 

41 

95 

73 

2513 

11-  1-63 

46 

42 

96 

74 

2551 

11-  6-63 

47 

43 

97 

75 

2560 

11-  7-63 

48 

44 

98 

76 

2566 

11-  8-63 

33 

20 

99 

77 

2589 

11-11-63 

34 

21 

100 

78 

2637 

11-17-63 

49 

45 

101 

79 

2667 

11-21-63 

50 

46 

102 

80 

2677 

11-22-63 

51 

47 

103 

81 

2678 

11-77-63 

52 

48 

104 

82 
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Table  1-1. — ( Continued) 


Rev. 

Date 

TV 

Fax 

TTY 

Value 

Special 

Total 

A 

S 

F 

A 

S 

F 

A 

S 

F 

A 

S 

F 

A 

S 

F 

A 

S 

F 

2681 

11-23-63 

53 

49 

105 

83 

2681 

11-23-63 

54 

50 

106 

84 

2682 

11-23-63 

55 

51 

107 

85 

2682 

11-23-63 

56 

52 

108 

86 

2683 

11-23-63 

57 

53 

109 

87 

2683 

11-23-63 

58 

54 

110 

88 

2684 

11-23-63 

59 

55 

111 

89 

2684 

11-23-63 

60 

56 

112 

90 

2689 

11-24-63 

61 

57 

. 

113 

91 

2690 

11-24-63 

62 

58 

114 

92 

2691 

11-24-63 

63 

59 

115 

93 

2691 

11-24-63 

64 

60 

116 

94 

2699 

11-25-63 

65 

61 

117 

95 

2700 

11-25-63 

66 

62 

118 

96 

2701 

11-25-63 

67 

63 

j 

j 

119 

97 

2715 

11-27-63 

68 

64 

120  ' 

98 

2721 

11-28-63 

69 

65 

121  ; 

99 

2722 

11-28-63 

70 

66 

122 

100 

2724 

11-28-63 

71  1 

67 

' 

35 

22 

123  1 

101 

2808 

12-  9-63 

124 

102 

2893 

12-20-63 

72 

68 

125 

103 

3017 

1-  5-64 

73 

69 

1 

126 

104 

3086 

1-14-64 

74  1 

70 

i 

127 

105 

3094 

1-15-64 

75  j 

71 

128 

106 

3102 

1-16-64 

76 

72 

129 

106 

3109 

1-17-64 

77 

73 

j 

4 

130 

107 

3293 

2-  9-64 

78 

74 

1 

131 

108 

3689 

3-31-64 

79 

75 

132 

109 

3712 

4-  3-64 

80 

76 

133 

no 
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Figure  1-8. — COMMOJ  to  COMIBA,  revolution 
2677,  22  Nov.  1963. 


APPENDIX  C 

COMAND— Ground  Station  of  the  American 
Telephone  and  Telegraph  Com- 
pany in  East  Andover,  Maine. 

COMBOD — Ground  Station  of  the  French 
Ministry  of  Posts  and  Telecom- 
munications in  Pleumeur-Bodou, 
France. 

COMGEB  — Ground  Station  of  the  Deutsche 
Bundespost  in  Raisting,  Ger- 
many. 

COMHIL  —Ground  Station  of  the  British 
General  Post  Office  in  Goonhilly 
Downs,  England. 

COMIBA  — Ground  Station  of  the  Kokusai 
Denshin  Denwa  Company  in 
Juo-Machi  near  Tokyo,  Japan. 

COMMOJ — NASA  test  and  operations  sta- 
tion at  Goldstone,  near  Barstow, 
California. 

COMNUT — Ground  Station  of  the  Interna- 
tional Telephone  and  Telegraph 
Company  in  Nutley,  New  Jersey. 

COMRIO  — Ground  Station  of  the  Com- 
panhia  Radio  Internacional  do 
Brasil  in  Jacarepagua,  near  Rio 
de  Janeiro,  Brazil. 

COMTEL  — Ground  Station  of  the  Telespazio 
organization  in  Fucino,  Italy. 


Chapter  2 


Rio  de  Janeiro  Space  Communications  Station 

The  Rio  de  Janeiro  Space  Communication  Station  is  being  used  to  conduct  two- 
way  telephone,  teletype  and  data  transoceanic  experimental  communications  by  satellite, 
between  North  America,  Europe  and  South  America. 

Designed  and  engineered  by  the  Space  Communications  Laboratory  of  ITT  Federal 
Laboratories,  Rio  de  Janeiro  Ground  Station  is  operated  by  Companhia  Radio  Inter- 
nacional  do  Brasil  by  authority  of  the  Brazilian  Administration,  which  is  cooperating 
with  the  U.  S.  National  Aeronautics  and  Space  Administration  (NASA)  on  the 
Project  Relay  Experiments. 

The  Station  can  handle  two-way,  12  simultaneous  telephone  conversations  or  12 
teleprinter  of  high  speed  data  per  voice  channel  or  144  total  circuits  whenever  speech 
is  not  being  transmitted. 

This  chapter  describes  the  general  station  setup,  the  general  design 
equipment,  and  operational  procedures. 


GENERAL  STATION  DESCRIPTION 

COMRIO  Station,  standing  for  COMMU- 
NICATIONS RIO  DE  JANEIRO,  is  located 
on  the  southern  part  of  the  city  in  a non- 
industrial zone  shielded  by  mountains.  It 
covers  108,000  square  feet  of  flat,  dry,  sandy 
soil.  The  layout  of  the  Station  is  shown  in 
Figure  2-1. 

The  following  factors  were  considered  in 
the  selection  of  a site : horizon  profile,  acces- 
sibility, microwave  and  TV  interference  and 
proximity  of  Brazil’s  international  Traffic 
center  (see  Figure  2-2). 

The  choice  of  horizon  profile  was  made 
considering  maximum  operational  time  utili- 
zation during  a pass  as  well  as  shielding 
from  nearby  ground  microwave  and  TV  sta- 
tions. 

Microwave  links  and  TV  stations  are  listed 
in  Table  2-1.  No  interference  has  been  no- 
ticed to  date  from  these  sources. 


A polar  plot  of  the  horizon  profile  is  shown 
in  Figure  2-3  as  well  as  the  percentage  of 
of  utilization  of  the  azimuths  during  satellite 
communications.  It  can  be  seen  that  the 
azimuths  utilized  during  70%  of  time  occur 
between  330°  and  30°,  with  a maximum 
elevation  obstacle  in  the  range  of  4.6°.  The 
highest  obstacle,  however,  is  at  7°  42"  eleva- 
tion, occurring  in  a 10°  utilization  sector. 

Coordinates  of  the  reference  mark  are 
Latitude  South  22°57'  06.5"  ± 1.2";  Longi- 
tude 43°22'20.7"  _t  1.3";  Altitude  4.478  m 
above  mean  sea  level,  as  determined  by  geo- 
detic survey.  Distance  of  station  site  to 
downtown  Rio  de  Janeiro  is  approximately 
20  miles  served  by  paved  road. 

A record  of  1962  station  weather  is  listed 
on  Table  2-2.  Annual  averages  are  27.4  to 
17.6°  C temperature  variation,  80.3%  rela- 
tive humidity,  112.0  mm3  precipitation  and 
1.3  m/s  wind  velocity. 


561 


562 


RELAY  I—PART  III 


3 


® ruTuac  cxMNttoN 
(7)  IKTCHCOW8CCTIN6  CAtLCS 


Figure  2-1. — Station  layout. 


The  whole  communications  terminal  con- 
sists of  a 31'  X 8'  X 11'8"  equipment  van 
weighing  20,000  lbs.,  11'6"  X 8'  X 9'9"  an- 
tenna trailer  weighing  26,000  lbs.,  114"  X 
100"  X 48"  heat  exchanger  trailer  weighing 
3,000  lbs.,  and  11'6"  X 8'  X 17'  antenna  panel 
trailer  weighing  4,500  lbs. 

The  equipment  arrived  in  Rio  de  Janeiro 
December  8,  1962  by  aircraft.  It  was  erected 
and  system  checked  so  that  by  December 
13,  Satellite' Relay  I,  orbit  1,  was  manually 
tracked  by  its  136  Me  VHF  beason.  On  Jan- 
uary 12,  first  voice  and  TTY  message  was 
relayed  through  Satellite  Relay,  orbit  229, 
to  a similar  ground  station  located  at  Nut- 
ley,  New  Jersey,  U.S.A. 

Primary  power  comes  through  a 25  KV 
aerial  feeder,  50  cps,  stepped  down  to  208V, 
4 wires  with  300  KVA  capacity  each,  They 
are  protected  by  30  KV  1,000  MVA  circuit 
breaker.  Four  208V  feeders  are  distributed 
with  the  following  installed  capacity:  VAN 


Figure  2-2. — Station  site  location. 


140  KVA,  Antenna  70  KVA,  Heat-Exchanger 
40  KVA  and  Supporting  House  550  KVA. 
Emergency  power  is  provided  by  one  125 
KVA  and  one  50  KVA  Diesel  engines.  Sup- 
porting facilities  consist  of  a main  building 
covering  3470  ft2  with  office  warehouse,  bed- 
room, kitchen,  power  substation  and  an  emer- 
gency power  building  as  shown  in  Figure 
2-1.  The  Administration  Building  is  shown 
in  Figure  2-4. 

A satellite  simulator,  that  is,  a transponder 
corresponding  electrically  to  the  satellite,  is 
located  3 miles  away  on  a hill  with  available 
access  road  and  primary  power.  It  is  viewed 
from  the  station  reference  mark  at  azimuth 
64.72°  and  elevation  2.96°. 

Support  communications  facilities  include 
one  50  Bauds,  double  current  operation  tele- 
type connected  by  land-line  to  a TELEX 
international  network;  one  standard  4 wire 
telephone  channel  for  demonstration  and 
service  purposes  connected  to  downtown  in- 


Figure  2-3. — Horizon  profile. 
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Table  2-1. — Microwave  and  TV  Links 


Type  of 
station 

Location 

Distance  of 
COMRIO 
(Km) 

Frequencies 

(Me) 

Power 

output 

(W) 

Microwave 

Mendes 

81 

3,928.75 

1 

link 

3,971.25 

1 

Microwave 

Caxias 

21 

3,891.25 

1 

link 

4,008.75 

1 

Microwave 

Petropolis 

60 

3,810 

5 

link 

3,920 

5 

TV 

Sumare 

12 

82-88 

30,000 

station 

7,036 

1 

7,250 

1 

10,900 

1 

TV 

Sumare 

12 

186-192 

20,000 

station 

7,030 

1 

6,897.5 

1 

6,950 

1 

TV 

Sumare 

12 

210-216 

30,000 

station 

6,170 

1 

6,330 

1 

6,845 

1 

6,795 

1 

6,80.5 

1 

ternational  telephone  exchange  through  am- 
plified land-lines ; one  two-wire  crank-up 
telephone  connected  to  local  suburban  net- 
work, operated  via  manual  switchboard ; and 
one  simplex  voice  channel  136  Me  VHF  con- 
nection between  equipment  van  and  satellite 
simulator  location. 

GENERAL  DESIGN  OF  STATION 

Rio  de  Janeiro  Space  Communication  Ter- 
minal is  characterized  by  a 10  Kw  transmit- 
ter, a 30  ft.  antenna  reflector,  and  a system 
noise  temperature  of  420°  K. 

The  receiving  front-end,  transmitter  fre- 
quency generating  stages,  and  power  am- 
plifier are  housed  in  an  antenna-mounted 
electronic  package  which  is  mechanically  in- 


Table  2-2. — Weather  Data — 1962 


Month 

Monthly 

average 

temperatures  (°C) 

Relative 

humidity 

Precipi- 

tation 

(mm3) 

Wind 

Velocity 

Cm/3) 

Direction 

Max. 

Min. 

(%) 

Jan 

29.5 

21.1 

83 

412.6 

1.3 

SE 

Feb 

29.9 

21.7 

82 

249.6 

1.2 

SE 

Mar 

32.4 

22.4 

73 

40.0 

1.1 

SE 

Apr 

28.5 

19.3 

75 

29.0 

1.4 

SE 

May 

23.5 

17.1 

7.6 

69.7 

1.3 

SE 

Jun 

23.1 

12.9 

77 

21.1 

1.4 

NE 

Jul 

25.9 

13.9 

78 

49.7 

1.3 

SE 

Aug 

26.7 

9.7 

83 

44.8 

1,6 

SE 

Sep 

26.6 

17.8 

78 

69.1 

1.1 

NE 

Oct 

26.6 

15.2 

91 

77.5 

1.4 

SE 

Nov 

28.0 

19.7 

87 

95.1 

1.5 

SE 

Dec 

28.7 

20.9 

79 

183.3 

1.4 

SE 

Annual 

average 

27°.4 

17°.6 

80.3 

112.0 

1.3 

terchangeable  so  as  to  match  the  operating 
frequencies  of  the  respective  satellite  for 
which  the  terminal  is  to  be  used. 

COMRIO  Station  is  presently  equipped  to 
participate  primarily  in  Project  Relay,  but 
also  suitable  for  modification  and  extension 
as  required  for  later  experiments. 

The  receiving  IF  and  final  stages,  the 
transmitter  power  supply,  the  modulator,  the 
terminal  equipment,  as  well  as  control  and 
testing  facilities,  are  van  mounted.  The 
equipment  van  is  shown  in  Figure  2-5.  This 
arrangement  eliminates  the  need  for  rotary 
joints.  Suitable  cabling  interconnects  van 
and  antenna  mounted  components.  Solid 
state  components  are  used  extensively 
throughout  the  equipment  with  correspond- 
ing reduction  of  size  and  total  heat  to  be 
dissipated. 

The  communication  terminal  includes  an 
antenna  system,  a tracking  system,  an  an- 
tenna servo  system,  a communication  re- 
ceiver, a transmitter,  a terminal  equipment 
system  and  instrumentation. 
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Figure  2-4. — Administration  building. 


The  Antenna  System 

The  main  reflector  is  a 30-foot  parabolic 
dish  of  solid  panel  construction  supported 
and  oriented  by  an  elevation  over  azimuth 
tracking  mount.  Azimuth  coverage  is  re- 
stricted mechanically  from  -f300°  to  —300° 
and  elevation  from  —2°  to  +92°.  A photo- 
graph of  the  antenna  is  shown  in  Figure  2-6. 

The  30  foot  aperture  is  illuminated  by  the 
microwave  feeds  employing  a 6 ft.  hyper- 
boloid sub-reflector  in  a Cassegrain  arrange- 
ment which  places  the  apparent  focus  of  the 
antenna  system  at  the  vertex  of  the  para- 
bolic reflector. 

The  feed  horn  cluster  includes  1700  Me 
dual  teflon  polyrod  transmitting  horns  and 


4000  Me  four-horn  simultaneous  lobe  com- 
parison tracking  feed.  The  four  horns  are 
also  used  for  satellite  signal  reception.  Cir- 
cular polarization  is  obtained  from  screws 
positioned  at  45°  with  respect  to  the  plane 
surface  of  the  wave  guide.  A pair  of  crossed 
dipoles  mounted  behind  the  sub-reflector  is 
used  for  receiving  136  Me  VHF  beacon  from 
the  satellite. 

The  antenna  system  is  designed  to  be  trans- 
ported and  operated  in  a flat  bed  trailer. 
The  tracking  mount  is  secured  to  a retract- 
able tower  which  collapses  on  the  trailer  bed. 
The  main  reflector  is  assembled  from  24  in- 
dividual solid  aluminum  panels  and  major 
truss  sections  which  are  carried  for  trans- 
portation in  a second  flat-bed  trailer.  Sur- 
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Figure  2-5.— Equipment  van. 

vival  is  designed  for  a maximum  wind  up  to 
35  mph  with  a gust  factor  of  1.5.  The  focal 
length  over  diameter  ratio  is  0.417  giving  a 
focal  length  of  12.5  feet.  The  main  reflector 
is  manufactured  to  an  accuracy  of  +0.080" 
peak  from  true  parabolic  contour  and  will 
permit  operation  between  100  and  8500  Me. 
The  dish  is  attached  to  a cylindrical  hub, 
which  in  turn  is  bolted  to  a trunnion  box 
providing  internal  clearance  for  a 60"  X 40" 
X 51"  electronic  package  which  slides  out 
on  telescoping  tracks  whenever  servicing  is 
required. 

The  tracking  mount  incorporates  the  trun- 
nion box  and  is  supported  by  a four-foot 
diameter  tubular  tower  the  inside  of  which 
is  used  for  wrapping  all  power  signal,  co- 
axial, and  high-voltage  cables.  Water  coolant 


Figure  2-6. — Antenna. 

lines  for  the  transmitter  and  hydraulic  lines 
to  the  servo  drive  are  also  located  inside  of 
the  tower. 

The  Tracking  System 

Tracking  is  performed  by  a monopulse  of 
split-beam  amplitude  sensing  system,  which 
senses  instantaneous  azimuth  and  elevation 
position  of  the  satellite  with  respect  to  the 
antenna  boresight  axis.  A 4079.73  Me  beacon 
signal  is  received  by  the  four-horn  arrange- 
ment. Signals  between  left  and  right  or  up 
and  down  horns  are  compared  in  phase 
through  several  magic  tees  producing  eleva- 
tion, azimuth  and  sum  channels.  The  sum 
channel  receives  the  added  signal  coming 
from  the  four  horns  and  is,  within  limits, 
independent  of  the  relative  angular  position 
of  the  satellite  with  respect  to  the  boresight 
axis.  This  channel  also  provides  range  and 
Doppler  shift  correction  signals,  which  are 
fed  to  the  difference  channels  so  as  to  keep 
them  sensitive  to  angular  tracking  errors 
only. 
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A diplexer  consisting  of  two  preselectors 
is  used  in  the  sum  channel  output  to  sep- 
arate the  4079.73  Me  tracking  signal  from 
the  4170  Me  communication  signal.  After 
filtering,  the  difference  and  sum  signals  go 
to  ortho-mode  type  mixers  which  send,  via 
pre-amplifiers,  an  IF  of  70  Me  to  the  equip- 
ment van.  The  noise  figure  of  the  front  end 
of  the  tracking  receiver  is  in  the  order  of 
8 db.  Tracking  receiver  IF  is  designated  to 
accommodate  from  —87  to  —57  dbm  varia- 
tions maintaining  an  effective  AGC  correc- 
tion of  1 db  for  the  difference  channels  out- 
put. 

The  tracking  receiver  rack,  van  mounted, 
obtains  the  70  Me  signal  from  the  front  end 
and  processes  it  to  give  0.1  vdc  correction 
per  0.1  degree  angular  error  to  be  applied  on 
the  corresponding  servo  channel. 

Frequency  variations  caused  by  Doppler 
effect  and  mixer  oscillator  instability  are 
overcome  by  changing  the  local  oscillator 
mixer  frequency  according  to  the  frequency 
error.  This  is  accomplished  by  using  a 
phase-lock  loop.  A phase  detector  gives  a 
dc  error  proportional  to  signal  frequency 
variations  which  is  applied,  through  a dc 
amplifier,  to  a local  variable  controlled  oscil- 
lator on  the  mixer  stage.  Mixer  steps  down 
70  Me  to  9.8  Me  signal  which  closes  the  loop 
through  an  80  db  gain  IF  strip,  with  the 
Phase  Detector. 

A similar  arrangement  exists  to  provide 
AGC  correction.  The  output  of  the  9.8  Me 
IF  amplifier  is  applied  to  AGC  Phase  De- 
tector, giving  a dc  error  proportional  to 
signal  amplitude  variation,  which  modifies, 
through  a dc  amplifier,  the  IF  strip  amplifier 
gain. 

Azimuth  and  elevation  output  errors  are 
obtained  from  phase  detectors  on  the  differ- 
ence channels.  A common  9.8  Me  crystal 
controlled  oscillator  is  used  as  reference  for 
all  phase  detectors. 

A frequency  search  and  acquistion  circuit 
allows  ± 120  kc  Doppler  shift  during  acquisi- 
tion time.  A saw-tooth  signal  fed  to  the  local 
variable  controlled  oscillator  will  be  inter- 
rupted by  a trigger  coming  from  the  AGC 


phase  detector  as  soon  as  its  output  is  greater 
than  a pre-set  value.  At  the  same  time,  the 
output  of  the  difference  channels  is  connected 
to  the  antenna  servo  system,  starting  the 
automatic  tracking  mode. 

Antenna  Servo  and  Control  System 

The  two  basic  configurations  of  Antenna 
Servo  and  Control  System  are  the  automatic 
tracking  mode  and  manual  positioning  mode 
as  shown  in  Figure  2-7.  Azimuth  and  ele- 
vation servos  are  similar  in  design. 

Power  to  steer  the  antenna  is  provided 
by  a 40  HP,  1750  RPM,  3 phase,  208v,  50/60 
cycles,  induction  motor  directly  driving  a 
3000  psi  pressure  compensated,  variable  flow 
pump  with  a maximum  displacement  of  4.5 
in.3  per  revolution. 

The  elevation  drive  employs  a 10  HP  fixed 
stroke,  axial  piston,  hydraulic  motor,  through 
a 3600:1  gear  box;  the  azimuth  drive  utilizes 
a similar  20  HP  hydraulic  motor  associated 


Figure  2-7. — Antenna  basic  configuration. 
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with  a 1800:1  gearbox;  both  with  flow  inde- 
pendently controlled  by  electrohydraulic 
transducers  or  servo  valves, 

Hydraulic  pump  and  drive  motor,  as  well 
as  the  jog  control,  hydraulic  antenna  erec- 
tion control,  and  protective  and  metering 
components  are  in  a steel  enclosure  fastened 
to  the  antenna  tower  base.  These  constitute 
the  antenna  local  control. 

On  automatic  tracking  mode,  signal  error, 
from  the  tracking  receiver  is  fed  to  a servo- 
amplifier  tray,  van  mounted,  which  controls 
the  output  of  the  hydraulic  motors  through 
the  servo  valve. 

Associated  with  the  antenna  movements, 
a data  gear  box  drives  the  rotors  of  a two- 
speed  synchro  transmitter  system  which  are 
connected  to  corresponding  synchro  trans- 
formers on  the  equipment  van.  An  error 
corresponding  to  the  antenna  position  is  fed 
out  of  the  synchro  transformer  rotor  to  a 
servo  amplifier  associated  with  a two-phase 
motor  which  in  turn  positions  the  synchro 
transformer  rotor,  therefore  closing  the  data 
servo  loop.  A mechanical  counter  connected 
to  the  synchro  transformer  shaft  provides 
read-out  indication. 

In  the  manual  positioning  mode,  which 
employs  the  same  basic  components  as  the 
auto-track  mode,  error  is  originated  from 
the  rotor  of  the  synchro  control  transformer 
by  rotating  its  shaft  with  a hand-wheel. 
Antenna  position  read  out  is  directly  ob- 
tained from  the  mechanical  counter  con- 
nected to  the  transformer  rotor.  The  ac 
error  is  demodulated  by  a vibrating  type  de- 
vice and  fed  to  the  servo  amplifier.  The 
loop  then  closes  as  in  the  automatic  tracking 
mode. 

The  system  is  a type  two,  zero  error,  con- 
stant velocity  servo,  with  a velocity  and  an 
acceleration  loop,  fed  back  into  the  servo 
amplifier.  The  signal  for  the  velocity  loop 
originates  in  a dc  tachometer  geared  to  the 
antenna.  It  increases  the  damping  of  the 
main  servo  loop  and  is  also  used  for  remote 
rate  indication  in  the  van.  Acceleration  loop 
signal  is  obtained  from  two  pressure  trans- 
ducers on  the  hydraulic  motor  feed  lines,  and 


is  used  to  increase  the  damping  ratio  of  the 
motor-valve  combination. 

All  antenna  functions  are  monitored  and 
controlled  from  the  radio  equipment  van. 
Additional  features  include  azimuth  scan  and 
rate  memory  facilities,  provision  for  remote 
and  programmed  track  modes,  joysticks  slew 
control,  electrical  limit  stops,  azimuth  van 
controlled  stow  lock  mechanism,  error  and 
rate  meters,  as  well  as  warning  indicators 
of  malfunctions  on  the  hydraulic  system. 
The  control  console  is  shown  in  Figure  2-8. 

Typical  servo  operating  limits  and  per- 
formances are  included  in  Table  2-3. 

Transmitting  System 

Transmitting  System  consists  of  van 
mounted  71.5  Me  FM  Modulator,  a 17  KV 
beam  power  supply,  control  and  protective 
circuitry,  and  antenna  mounted  1726.67  Me 
exciter  unit  driving  a 10  KW,  klystron  power 
amplifier,  water  cooled  by  a separate,  trailer 
mounted  heat  exchanger. 

Baseband  signals  out  of  the  multiplex  ter- 
minals are  first  applied  to  a 70  cps  to  10  Me 
bandwidth,  3 stage  video  amplifier,  with  an 
adjustable  gain  from  16  to  32  db,  followed 
by  an  optional  pre-emphasis  network  which 
gives,  for  12  channels,  —3  db  at  10  kc  and 
+3  db  at  60  kc  tending  to  flatten  the  radio 
noise  level  over  the  frequency  band  of  the 
FM  transmitted  signal. 

Sensitivity  of  the  modulator  is  0.266 
VRMS  per  Me  with  an  input  impedance  of 
230  ohms  and  a minimum  output  level  of 
+10  dbm.  Modulation  is  obtained  by  apply- 
ing the  signal  to  a diode  on  the  oscillator 
tank  circuit.  Different  signal  levels  will 
change  the  oscillator  frequency  accordingly. 
The  71.5  Me  modulated  signal,  amplified  and 
limited  to  minimize  amplitude  modulation, 
is  fed  to  the  exciter  unit.  A stable  output  is 
ensured  by  comparing  the  signal  with  a crys- 
tal controlled  oscillator  feeding  back  a refer- 
ence potential  to  the  modulator. 

The  exciter  comprises  an  oven  mounted 
crystal  oscillator  unit,  a varactor  multiplier 
chain  and  a strip-line  type  mixer.  Frequency 
is  generated  at  49.949074  Me  and  is  multi- 
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Figure  2-8. — Control  console. 


Table  2-3. — System  Performance 


Transmission  system  j 

Transmission  system  ( Continued) 

Modulator 

Output  frequency  (Me).. 

Sensitivity  (volts  RMS  per  Me) 
Output  level  (minimum  dbm)_. 
Impedance  input  (ohms) 

71.5 
0.266 
+ 10 
230 
75 
± 8 

Heat  exchanger 

! Capability  (kw) — 

Coolant  flow  (gpm)  _ 

Discharge  pressure  (psi) 

38 

9-10 

135 

Impedance  output  (ohms) 

Max  deviation  (Me) 

Receiving  system 

Exciter 

Exciter  frequency  (Me) 

Local  oscillator  (Me) 

Crystal  frequency  (Me)  - _ . _ 

Multiplying  factors — _ - 

Local  oscillator  output  (dbm)  . . 
Exciter  output  (dbm) . 

1726.67 

1798.1667 

49.949074 

2X6X3 

+25 

+20 

Tracking 

Beacon  frequency  (Me) _ - 

Lock-in  threshold  signal  level 

(dbm) 

Front  end  gain  (db) ----- 

Front  end  noise  figure  (db) 

Local  oscillator  frequency  (Me) 

Mixer  Type  - - 

First  IF  frequency  (Me) 

Second  IF  frequency  (Me) 

Voltage  controlled  oscillator 

frequency  (Me) 

Reference  oscillator  frequency 

(Me) — 

Output  error  slope  (v  per  deg) 

4079.73 

-125 

40 

8.5 

4009.73 
Orthomode 

70.0 

9.8 

60.2  + 0.12 
9.8 

0.1  per  0.1 

Power  amplifier 

Frequency  (Me) -_ 

Frequency  range  (kmc) 

Tuning  range  (Me) 

Power  output  (kw) 

Beam  voltage  (kv)__„ 

Beam  current  (amp  dc)  ------  _ 

Body  current  (with  drive  ma  dc) 

TToofoiF  trAlf O/yA  ( 

1726.67 
1.7  to  2.4 
700 
10 
16 

2.5 
60 

3.5 
16.5 

4 

Synchronous 

XXcavBl  VUHdgc  - 

Heater  current  (amp).  

Number  of  cavities 

Tuning— — 

Communications 

Modulation  type 

Com  channel  frequency  (Me).. 
Mon  channel  frequency  (Me)  — 

FM 

4064.72 

4074.72 
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Table  2-3. — System  Performance  ( continued ) 


Receiving  Station  ( Continued ) 

Communications 

Threshold  carrier  signal  level 

(Continued) 

(dbm) 

Lock-in  threshold  signal  level 

-104 

(dbm) 

-113 

Front  end  gain  (db) 

System  noise  temperature 

45 

(°Kelvin) 

420 

Local  oscillator  frequency  (Me) 

4014.72 

IF  frequency  (Me) 

70 

Bandwidth  (Me). 

Voltage  controlled  oscillator 

1.3 

(Me).......... 

Demodulator  sensitivity 

70 

(VRMS  per  Mg)........... 

0.055 

Baseband  bandwidth  (kc)  _ _ _ - 

60 

VHF 

Beacon  frequencies  (Me)  - 

136.14  or  136.62 

Threshold  signal  level  (dbm)  — 
First  local  oscillator 

-140 

frequencies  (Me) - 

157.64  or  158.12 

First  IF  frequency  (Me) -_ 

21.5 

Second  IF  frequency  (Me) 

4.5 

Reference  oscillator  (Me). 

Voltage  controlled  oscillator 

4.5 

sensitivity  (kc  per  V)  _ _ _ _ . 

12 

Doppler  shift  correction  (kc)__. 

+ 30 

HF 

Modulation  type _ - _ 

AM,  CW 

Operating  ranges  (Me) 

0.5  to  30.5 

Terminal  equipment 


Multiplex 

Multiplexing  type-- 

Modulation  type 

Number  of  channels  -1 

Output  frequency  (kc)._ ! 

Frequency  response  flat  within 
1 db  (cps) 

Signaling  pilot  frequency  (cps)  - 
Send  level,  4-wire,  600  ohms 
balanced  (dbm)  - 
Receive  level,  4-wire,  600  ohms 
balanced  (dbm) 

Frequency 
division 
single-sideband 
Suppressed  carrier 
12 

12  to  60 

300  to  3400 
3.825 

— 16  (minimum) 
+7  (maximum) 

Teletype 

Signaling  frequency  (words  per 

minute)  _ _ 

66 

Selector  magnets  (ma) 

20  to  60 

Tone  keyer 

Center  output  frequency  (cps) 

1105 

Frequency  shift  (cps)  - _ _ _ 

± 50 

Input  current  (ma)  _ _ 

60 

Demodulator 

Center  input  frequency  (cps)  — 

1105 

Output  current  (ma)  _ 

30  to  100 

Antenna  system 

Electrical 

I 

Type..  

Parabolic  with 
Cassegrain 

Frequency  range  (Me) 

100  to  8500 

Minimum  gain  at  4100  Me  (db)  _ 

4-48.3 

Minimum  gain  at  1725  Me  (db) . 
Beamwidth,  3 db,  at  4100  Me 

4-40.3 

(deg) _ _ ___  

0.6 

Antenna  system  {Continued) 


Electrical 
( Continued ) 

Beamwidth,  3 db,  at  1725  Me 

(deg) 

First  side  lobe  maximum  (db)„_ 
Collimation  accuracy  (deg) 

1.4 
— 15 
±0.1 

Mechanical 

Paraboloid  diameter  (ft)_  _ - . 

30 

Hyperboloid  diameter  (ft) 

6 

Focal  length  per  diameter 

0.42 

Parabolic  surface  tolerance  (m) 
Hyperbolic  surface  tolerance 

±0.08 

(in)  — - - . ----- 

Height  of  center  of  radiation 

±0.03 

(ft)—  — — —— 

23 

Max  wind  survival  (MPH) 

35 

Wind  gust  factor 

1.5 

Elevation  travel  (deg) 

— 2 to  4-92 

Azimuth  travel  (deg)  - - - _ 

— 300  to  4-300 

Servo 

Static  pointing  accuracy  (deg)  _ 
Azimuth : 

Max  tracking  velocity 

±.04 

(deg /sec) 

Max  angular  acceleration 

10 

(deg/sec2)  . . 

Elevation : 

i Max  tracking  velocity 

6 

(deg/sec) --  --_  -- 

Max  Angular  acceleration 

5 

(deg /sec2) 

Dynamic  pointing  accuracy 

3 

(deg) ------  — — 

+ 1 

plied  successively  by  2,  6,  and  3 times,  main- 
taining one  part  in  10e  stability.  A quarter 
wavelength  coaxial  line  input  in  the  final 
multiplier  is  coupled  through  a varactor  to 
an  open  tuned  coaxial  cavity  peaked  to  the 
third  harmonic  of  the  input  frequency.  In- 
puts to  the  mixer  are  1798.16667  Me,  300 
mw,  CW  signal  from  the  final  multiplier  and 
a 71.5  Me  signal  from  the  modulator.  Output 
is  a 100  mw  1726.67  Me  FM  signal  applied 
to  the  klystron  power  amplifier.  The  mixer 
interrupts  the  carrier  at  the  same  rate  as 
the  modulating  signal,  causing  a double  side- 
band, —20  db  suppressed  carrier  output. 

The  mixing  element  is  a varactor  diode 
which  goes  from  near  open  to  near  closed  as 
the  71.5  Me  signal  is  applied  to  it,  meanwhile 
a 1798  Me  signal  fed  through  a double-stub, 
micro-strip  coaxial  line  tuner  changes  the 
effective  impedance  of  the  diode.  Mixing 
occurs  after  suppressing  the  higher  sideband. 
The  1726.67  Me  signal  is  applied  to  a four 
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cavity  synchronous  tuned  klystron  which 
delivers  a rated  10  kw  output  power. 

The  unregulated  beam  power  supply  com- 
prises a 3-phase  17  kc,  A-Y  power  trans- 
former, a conventional  diode  vacuum  tube 
full  wave  rectifier,  delivering  2.0  amp,  fol- 
lowed by  a choke  input  filter.  The  high 
tension  negative  side  is  applied  to  the  kly- 
stron cathode,  via  an  x-ray  cable  running 
from  van  to  the  antenna.  The  positive  side 
of  supply  is  lifted  from  ground  by  thyrite 
as  a safety  measure  in  case  of  an  eventual 
ground. 

Sequential  application  of  power,  protection 
of  components  and  monitoring  of  the  high 
voltage  are  controlled  by  solid  state  logic, 
actuating  through  an  AND  beam  gate  card 
on  the  high  voltage  circuit  breaker.  Logic 
functions  are:  beam  application  time  delay, 
blower  off  delay,  ac  interlock  for  personnel 
protection,  wave  guide  arc  detector,  low  RF 
and  mismatch,  beam  and  body  overloads, 
coolant  flow,  coolant  temperature  and  air 
flow. 

Regulated  filament  and  28v  focusing  mag- 
net power  supplies  are  also  van  mounted. 
Beam  voltage  and  current,  body  current, 
magnet  current,  filament  voltages  and  cur- 
rent, RF  forward  and  reflected  output  and 
exciter  output  indications  are  provided. 
Beam  voltage,  klystron  cavity  tuning,  RF 
input  can  be  remotely  performed  from  the 
equipment  van.  The  waveguide  between 
power  amplifier  and  antenna  is  pressurized 
and  dehumidified. 

A 135  psi,  10  gpm,  water  to  air  heat  ex- 
changer, connected  by  flexible  hoses  to  the 
klystron,  remotely  controlled  from  the  van, 
affords  up  to  38  kw  heat  dissipation. 

Terminal  and  Testing  Equipment 

A 12  voice  channel  multiplex  equipment, 
teletype  facilities,  order-wire  unit,  recording 
unit  and  patch  panels,  provide  the  ultimate 
input  and  output  of  the  communication  ter- 
minal. 

The  0 to  60  kc  audio  baseband  is  divided 
in  a zero  to  4 kc  order-wire  channel,  an  8 
kc  guard  band  and  12  four  kc  voice  channels. 


Twelve  external  land  lines  can  be  connected 
to  the  van. 

An  all  transistor  multiplex  system  com- 
prising two  redundant  power  supplies, 
twelve  normal  and  twelve  standby  receiver- 
amplifiers,  normal  and  standby  128  kc  master 
oscillator  with  switching  unit,  filters,  twelve 
channel  modulator  and  alarm  circuits  affords 
two-way  communications. 

A —16  dbm  minimum,  4 wire,  600  ohm, 
balanced  transmit  level  and  +7  dbm  maxi- 
mum, 4 wire,  600  ohm  balanced  receive  voice 
frequency  level  are  specified. 

Teletype  facilities  include  a teletypewriter 
unit,  page  printer,  typing  perforator  and 
typing  reperforator  unit  providing  signaling 
frequency  of  66  words  per  minute  or  50 
bauds. 

A tone  keyer  and  demodulator  translates 
5 unit  code,  60  milliamp  neutral  signals  to 
1105  ± 50  cps  frequency  shifted  tones,  pro- 
viding the  connection  between  teletype  and 
multiplex  facilities. 

Two  telephone  handsets,  panel  mounted, 
provide  a 0 to  4 kc  order  wire  and  any  12 
to  60  kc  baseband  channel  voice  communica- 
tion, 

A 3 speed,  .3  to  3 kc,  dual  mixed  inputs, 
magnetic  tape  recorder  affords  recording  or 
pre-recording  of  voice,  teletype,  facsimile  or 
data  information.  An  audio  amplifier  and 
loud  speaker  can  be  used  for  demonstration 
purposes. 

A patch  panel  permits  the  interconnection 
of  modulation,  receivers,  land-lines,  voice 
and  teletype  terminal  equipment,  audio  am- 
plifier and  recording  equipment.  A back-to- 
back  configuration,  that  is  sending  the 
received  baseband  back  to  the  distant  station 
can  be  performed  with  this  arrangement. 

Tests  and  recording  equipment  are  rack 
mounted  for  maintenance,  adjustment  and 
station  operating  parameter  determination. 
Coaxial  fittings  at  each  rack  and  antenna 
package  provide  connection  of  test  equip- 
ment to  the  major  units  of  the  system. 

A local  time  standard  is  included,  con- 
sisting of  a counter  with  logic  designed  to 
recycle  as  a clock  drives  a time  digital  dis- 
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play  on  the  control  console  with  1 part  in  107 
stability.  Synchronization  is  obtained  by  re- 
ceived local  radio  signals,  checked  against 
the  Astronomical  Observatory  cesium  atomic 
clock. 

A noise  tube,  permanently  installed  in  the 
waveguide  front  end,  is  used  in  conjunction 
with  a measuring  test  set  in  the  van,  giving 
the  noise  figure  of  the  receivers  directly. 

A multi-channel  paper  recorder  gives  a 
permanent  record  of  AGC  voltages,  antenna 
position  and  servo  error  voltages.  Event 
markers  give  one  second  and  one  minute 
pulses,  transmitter  ON,  VHF  receiver  locked, 
and  antenna  acquisition  indications.  Record- 
ing is  made  by  a hot  type  stylus  on  plastic 
coated  paper  in  rectangular  coordinates, 
driven  at  selected  speed,  ranging  from  .25 
mm/s  to  100  mm/s. 

General  purpose  measuring  and  mainte- 
nance equipment  includes  a 0 to  510  Me  fre- 
quency counter  with  plug-in  units,  and  three 
separate  signal  generators  with,  respectively, 
10  to  420  Me,  3.8  to  7.6  Me,  and  10  cps  to 
10  Me  coverage.  A sweep  generator  and  an 
oscilloscope  are  included  for  general  testing 
purposes.  The  oscilloscope  has  a sweep  range 
of  0.2  msec/cm  to  12.5  sec/cm,  a bandwidth 
of  2 cps  to  300  kc. 

Receiving  System 

The  receiving  system  comprises  two  micro- 
wave  fixed  frequency  receivers,  a fixed  fre- 
quency VHF  receiver,  and  a general  purpose 
HF  receiver.  One  microwave  receiver  moni- 
tors the  local  transmission  via  the  satellite, 
the  other  processes  the  transmission  from 
a distant  communication  terminal. 

The  4164.72  Me  monitor  and  the  4174.72 
Me  communication  frequencies  signals  are 
separated  from  4080  Me  tracking  sum  chan- 
nel, using  a 20  Me  band  pass  diplexer,  cen- 
tered at  4,120  Me.  The  receiver’s  4,170  Me 
signal  goes  to  a non-degenerated  parametric 
amplifier,  maintained  at  package  tempera- 
ture of  20  °C  by  an  antenna  mounted  6,000 
Btu  per  hour  air  conditioner.  The  parametric 
amplifier  uses  a varactor  as  reactive  element, 
a 16,256  Me  klystron  reflex  as  a pump  source. 


and  a ferrite  circulator.  Maximum  noise 
figure  of  2.7  and  minimum  gain  of  15  db 
over  15  Me  bandwidth  referred  to  the  1 db 
points  are  achieved.  Pump  power  varactor 
bias  can  be  remotely  controlled  from  van 
for  noise  figure  improvement. 

The  4170  Me  signal  is  further  mixed-down 
in  a mixer-preamplifier  unit,  with  a local 
carrier  of  4104.72  Me  producing  a 65  Me  IF 
signal  sent  to  equipment  can.  The  4104  Me 
local  oscillator  is  similar  in  design  to  the 
transmitter  exciter  unit  except  for  the  final 
multiplier,  which  is  a septupler  rather  than 
a quadruples  The  mixer  is  of  varactor  diode 
type  which  also  incorporates  a vacuum  tube, 
cascode  preamplifier.  The  unit  presents  a 
7 db  noise  figure  with  25  db  gain  and  20  Me 
bandwidth  referred  to  1 db  points. 

A converter  diplexer,  in  the  van,  separates 
65  Me  centered  IF  signal  into  components 
respectively,  60  Me  monitor  channel  and  70 
Me  communication  channel.  The  60  Me 
monitor  signal  is  further  converted  to  70 
Me.  Receivers  from  this  point  are  similar 
for  both  channels. 

The  receivers  comprise  a 60  db,  variable 
gain  vacuum  tube,  70  Me  IF  amplifier;  2 Me 
bandpass  filter;  a conventional  limiter;  a 
phase  lock  loop  ; a conventional  FM  limiter 
demodulator;  a 60  db  gain  base  amplifier 
accommodating  from  0 to  60  kc. 

Automatic  gain  control  in  the  IF  strip 
accounts  for  signal  strength  variations  due 
to  varying  satellite  distances. 

Phase  lock  loop  consists  of  phase  detector, 
narrow  band  loop  filter,  and  voltage  con- 
trolled oscillator.  Up  to  4 db  signal  to  noise 
improvement  is  obtained  due  to  FM  threshold, 
extension.  Phase  detector  compares  the  IF 
70  Me  FM  signal  and  a 70  Me  signal  from 
a voltage  controlled  oscillator.  Output  of 
the  phase  detector  is  filtered  and  the  loop 
closes  through  a voltage  controlled  oscillator. 

Output  of  the  oscillator  already  presents 
threshold  improvement  effect  and  by  process- 
ing it  in  a conventional  limiter  phase  demod- 
ulator and  a 60  db  gain  baseband  amplifier 
the  final  audio  baseband  signal  is  obtained. 

Carrier  frequency  variation  due  to  Dop- 
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pier  effect  and  frequency  instability  correc- 
tion is  obtained  by  sampling  the  70  Me  FM 
signal  out  of  the  voltage  controlled  oscillator. 
The  sample  is  transformed  into  a dc  voltage 
correction  by  a limiter-discriminator  AFC 
unit,  which  is  fed  back  to  the  voltage  con- 
trolled oscillator  of  the  converter  diplexer 
unit.  Similar  feedback  is  taken  from  the 
communication  receiver  to  the  mixer  pre- 
amplifier unit  front  end.  Provisions  are  made 
for  manual  frequency  search,  AGC  measure- 
ment, and  lock  status  indication. 

The  VHF  receiver  is  a fixed  tuning,  dual 
frequency  operation,  van  mounted  unit  for 
136.14  and  136.62  Me  satellite  beacon  recep- 
tion. 

Double  conversion  occurs  at  21.5  Me  and 
4.5  Me,  A 3 kc  bandwidth  filter,  and  an  IF 
conventional  amplifier  bring  the  signal  to  a 
correlation  detector  giving  the  audio  output. 

A frequency  following  loop  allows  for 
Doppler  and  instability  frequency  variations, 
by  comparing  in  a phase  detector  unit  the 
4.5  Me  IF  signal  and  a local  4.5  Me  reference 
source.  Phase  detector  output  controls  a 
variable  oscillator  on  the  21.5  Me  first  mixer, 
closing  the  feedback  loop. 

Provisions  are  made  for  automatic  fre- 
quency search,  lock  status  indicator  and  Dop- 
ier signal  output. 

A conventional  HF  communication  receiv- 
er covering  from  .5  to  30  Me,  is  used  for 
time  signals  and  general  reception  purposes. 

OPERATIONAL  PROCEDURES 

COMRIO  Satellite  Station  has  as  a major 
objective,  to  contribute  to  the  development 
of  satellite  communication  by  accomplishing 
multi-channel,  two-way  telephone  transoce- 
anic tests  and  demonstrations,  the  gathering 
of  operational  experience,  and  investigation 
of  station  functional  environmental  and  op- 
erational performance. 

Scheduling  and  tracking  data  for  experi- 
ments with  the  Relay  satellite  are  received 
in  advance  from  the  NASA  satellite  opera- 
tions center.  Tracking  data  include  for 
every  minute  interval,  AZ,  EL,  pointing  co- 
ordinates, range  in  km,  for  all  the  visible 


period.  Data  are  employed  for  initial  an- 
tenna pointing  before  satellite  acquisition, 
back-up  in  case  of  automatic  tracking  failure, 
checking  of  antenna  pointing  accuracy,  and 
predicted  signal  strength  calculations. 

Subsystems  and  systems  are  checked  prior, 
during  and  after  each  pass,  so  as  to  furnish 
correlation  parameters  for  experiment  anal- 
ysis. The  system  block  diagram  is  shown  in 
Figure  2-9. 

Basic  checks  for  the  system  perform- 
ance can  be  made  using  the  following 
configurations:  built-in  station  loop,  satel- 
lite-simulator loop,  satellite-short  loop,  sta- 
tion-to-station  experiments,  and  back-to-back 
station  loop. 

Built-in  station  loop  takes  a 1726.667  Me 
sampling  from  klystron  output,  feeding  it 
back  to  the  receiver  front  and  using  a van 
mounted  test  mode  generator  (TMG)  unit. 
Actual  performance  of  the  transmitting  and 
receiving  system  can  be  checked  in  this 
manner. 

The  TMG  furnishes  a calibrated  4079.73 
Me  beacon  carrier  with  or  without  a 4164.740 
or  4174.740  Me  signal  simulating  the  moni- 
tor and  communication  receiver  spectrum. 
Beacon  signal  is  obtained  by  mixing  a 100 
Me  crystal  generated  signal  with  the  third 
harmonic  of  the  1326.57  Me  signal  which 
is  generated  by  a 73.6987  Me  crystal  oscil- 
lator, multiplied  successively  by  2,  3 and  3 
times  in  an  amplifier  varactor  chain.  Com- 
munication receive  signals  are  simulated 
by  mixing  the  3rd  harmonic  of  1726.666  Me 
sampled  signal  from  the  transmitter  with 
either  1015.256  Me  or  1005.258  Me.  These 
two  signals  come,  respectively,  from  112.- 
8063  Me  and  111.695  Me  crystal  oscillator 
multiplied  9 times  by  a two  stage  varactor 
amplifier  unit.  Beacon  output  ranges  from 
—25  to  — 65  dbm  and  signals  output  from 
— 25  to  — 45  dbm  for  0 dbm  sampled  input. 

Satellite  simulator  or  transponder  loop 
evaluates  transmitting  - receiving  systems, 
and  tracking  performances  of  the  antenna. 

The  simulator  can  furnish  the  same  fre- 
quency spectrum  of  the  Test  Mode  Gener- 
ator. Available  beacon  input  power  to  the 
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AZ  - AZUMITE 
EL  -ELEVATION 

IF  • INTERMEDIATE  FREquENCY  AMPLIFIER 
T MG  - TEST  MOQE  GENERATOR 
VCO  * VOLTAGE  CONTROLLED  OSCILLATOR 
- LEVEL  IN  OBM 
E - SUM  TRACKING  CHANNEL 

A - difference  tracking  channel 

COM  - COMMUNICATION  SIGNAL 
MON  - MONITOR  SIGNAL 


Figure  2-9. — System  block  diagram. 
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transponder  antenna  ranges  from  -)-20  dbm 
to  — 80  dbm.  As  a repeater  receiver,  for 
an  input  ranging  from  4-20  to  — 40  dbm, 
it  gives  back  a 440  to  — 60  dbm,  satellite 
to  ground  monitor  signal. 

The  transponder  consists  of  a beacon 
transmitter,  a wide  and  narrow  band  re- 
ceiver-repeater unit,  an  amplifier  and  power 
supply  unit,  and  an  antenna  unit. 

A beacon  signal  obtained  from  a 113.3258 
Me  crystal  controlled  oscillator  further  mul- 
tiplied 4 and  9 times  through  a varactor- 
amplifier  chain  and  a signal  from  the 
receiver  repeater  unit  are  input  to  the  am- 
plifier unit.  The  received  signal  is  mixed 
down  to  70  Me  IF  signal  with  1655  Me.  The 
carrier  comes  from  a 113.3258  Me  crystal 
oscillator  multiplied  4 and  4 times  in  an 
amplifier  varactor  unit.  The  68.333  Me  sig- 
nal is  selected  by  a 1.5  Me  over  1 db  points 
bandpass  filter  network,  trebled  by  a solid 
state  varactor  module  and  again  mixed  up 
to  4164.72  Me.  The  signal  for  the  high  level 
balanced  mixer  is  obtained  from  a 109.99 
Me  crystal  oscillator,  multiplied  4,  3 and  3 
times  in  a varactor  amplifier  chain. 

Amplifier  unit  has  a range  capability  from 
4.05  to  4.25  kMc  with  RF  gain  of  33  db  for 
an  input  power  of  5.5  mw  employing  a 
traveling  wave  tube  working  in  the  satura- 
tion mode.  High  voltage  power  supply  con- 
sists of  an  ac  to  dc  converter,  step-up  trans- 
former, and  rectifier  circuit,  using  a regu- 
lated 22.5  vdc  input,  giving  ±1  kv  output. 

The  transmitting  antenna  is  left-hand, 
circularly  polarized,  presenting  3.69  db  gain 
with  VSWR  of  1.6  to  1.  The  receiving  an- 
tenna is  right-hand,  circularly  polarized, 
with  2.5  db  gain. 

The  performance  of  the  tracking  system 
is  evaluated  by  offsetting  the  antenna  bore- 
sight  ± .1°  from  the  simulator  beacon  trans- 
mitter and  measuring  the  corresponding  azi- 
muth and  elevation  dc  voltage  correction 


error.  Servo  response  is  checked  by  manu- 
ally offsetting  the  antenna  ±3°  from  the 
simulator  beacon  transmitter  and  then  re- 
cording automatic  acquisition  performance. 
Position  readout  accuracy  can  also  be  checked 
against  the  satellite  simulator  AZ  and  EL 
coordinates. 

Built-in  station  and  satellite  simulator 
loops  conclude  with  front-end  noise  figure 
measurements,  clock  synchronization,  termi- 
nal equipment  set-up  and  adjustments,  and 
typical  pre-pass  operational  procedures. 

The  satellite  shot  loop  station  to  station 
and  back  to  back  station  loops  are  configu- 
rations employing  actual  spacecraft. 

Satellite  acquisition  is  made  by  directing 
the  antenna  at  a pre-determined  bearing  and 
time.  Spacecraft  arrival  is  first  signaled  by 
136  Me  VHF  receiver  acquisition  and  fur- 
ther by  detection  of  the  4,080  Me  beacon 
signal  when  automatic  acquisition  occurs. 
Tracking  will  then  proceed  automatically. 

Satellite-short  loop,  the  station-to-station 
experiments  and  the  back-to-back  station 
loop,  constitute  three  sequential  stages  for 
performance  evaluation,  whereby  the  station 
communicates  via  the  satellite  with  itself, 
with  the  distant  station,  and  with  itself 
through  the  distant  terminal. 

Time  of  events,  AGC  signals  from  the 
receiving  system,  antenna  read-out,  trans- 
mitter parameters,  results  of  terminal  equip- 
ment tests  and  from  specific  purposes  tests 
data  are  recorded  during  the  pass.  System 
demonstrations  include  interconnection  of 
local  telephone  and  satellite  communication 
system,  teletype,  and  facsimile  messages. 
During  each  communication  pass,  voice  is 
used  to  coordinate  experiments  between  par- 
ticipating stations. 

Authors.  This  chapter  was  contributed 
by  J.  C.  Fonseca  and  C.  H.  Moreira,  Cia. 
Radio  Intemacional  de  Brasil — ITT,  Rio  de 
Janeiro,  Brazil. 


The  Pleumeur-Bodou  Space  Communications  Station 


The  Pleumeur-Bodou  ground  station  is  the  research  unit  of  the  National  Center 
for  Telecommunications  Studies  (CNET)  in  the  field  of  space  communications.  This 
installation  makes  possible  the  study  of  all  the  experimental  problems  connected  with 
transmissions  by  active  satellites:  link  performance,  acquisition,  tracking,  telemetry, 
command,  and  operations.  It  is  also  capable  of  being  adapted  to  commercial  operation 
when  the  occasion  arises  for  such  operation. 


INTRODUCTION 

A ground  station  is  the  basic  tool  for 
experimental  study  of  space  communication 
systems.  With  the  Pleumeur-Bodou  ground 
station,  CNET  (Centre  National  d'Etudes 
des  Telecommunications)  has  available  a 
complex  of  equipment  which  enables  it  to 
acquire  in-depth  experience  in  the  field  of 
transmissions  by  active  satellites. 

This  complex,  however,  was  not  intended 
only  for  experimentation.  Operational  use 
of  the  station  was  envisioned,  and  it  is 
capable  of  being  adapted  as  required  to 
implement  a commercial  system  of  satellite 
communication. 

The  creation  of  a ground  station  at  Pleu- 
meur-Bodou was  decided  upon  within  the 
framework  of  the  American  Relay  and  Tel- 
star  projects.  In  the  spring  of  1961  the 
French  government  signed  an  agreement 
with  NASA  under  which  France  participated 
in  Project  Relay  by  setting  up  a station  with 
the  capability  of  servicing  communications 
links  through  the  satellite. 

In  order  to  meet  the  very  short  schedule 
set  by  the  planned  launch  date  of  the  satel- 
lite, the  Ministry  of  Posts  and  Telecommuni- 


cations decided  to  request  the  cooperation  of 
the  AT&T.  This  company  had  undertaken  to 
establish  an  original  project  for  active  satel- 
lite communications,  Project  Telstar,  which 
included  the  development  of  a specially  de- 
signed ground  station  at  Andover.  In  De- 
cember 1961  the  AT&T  signed  a contract 
with  the  Administration  of  Posts  and  Tele- 
communications, undertaking  to  provide  the 
essential  elements  of  a station  identical  to 
the  one  at  Andover  as  well  as  technical 
assistance.  CNET  was  given  responsibility 
for  overall  direction  of  the  project,  and  CGE 
(Compagnie  Generale  d’Electricite)  partic- 
ipated in  the  capacity  of  architect-engineer. 
After  a preparatory  period,  the  first  con- 
struction work  was  started  in  October  1961 
on  the  site  selected  at  Pleumeur-Bodou.  On 
8 July  1962  all  the  elements  were  installed 
and  on  9 July  the  system  tests  demonstrated 
that  the  station  was  in  operating  condition. 
The  satisfactory  operation  of  the  station  was 
confirmed  by  the  historic  communications 
effected  with  Telstar  I,  The  equipment  was 
subsequently  completed  in  the  autumn  of 
1962  to  provide  for  operation  with  Relay  I 
(see  Figure  3-1)  . 
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Figure  3-1. — General  block  diagram  of  the  Pleumeur-Bodou  Ground  Station. 


OVERALL  DESIGN  OF  THE  STATION 
Communications  Antenna 

The  communications  antenna  is  the  basic 
element  of  the  station;  its  characteristics 
were  determined  by  the  performance  char- 
acteristics of  the  Telstar  and  Relay  satellites 
and  by  the  desired  link  performance. 

The  aim  is  to  achieve  transatlantic  trans- 
mission of  high-quality  television  with  sound, 
or  of  the  equivalent  of  600  one-way  telephone 
channels,  or  of  12  channels  of  two-way  te- 
lephony. 

The  satellite  is  at  a high  altitude  in  order 
to  provide  satisfactory  mutual  visibility  be- 
tween stations  on  both  sides  of  the  Atlantic, 
while  the  weight  of  the  satellite,  being 
limited  by  launch  constraints,  permits  only 
a few  watts  of  transmitter  output.  The  re- 
ceived signal  is  extremely  weak  and  the 
receiving  antenna  must  have  a very  large 
gain  and  low  noise.  The  horn  antenna  at 
Pleumeur-Bodou  has  the  largest  dimensions 


which  can  be  achieved  while  still  maintaining 
sufficient  pointing  accuracy. 

Receiving 

The  horn  antenna,  having  very  low  gain 
outside  of  the  main  lobe,  receives  a minimum 
of  noise  originating  on  the  ground  ; the  ad- 
vantage of  this  low  characteristic  noise  is 
utilized  to  the  maximum  by  a maser  cooled  by 
liquid  helium.  The  signal-to-noise  threshold 
is  further  lowered  by  a frequency-compres- 
sion demodulator. 

Pointing 

The  antenna  must  locate  and  track  the 
satellite  with  high  reliability,  which  is  ob- 
tained by  a complex  system  of  acquisition 
and  tracking  in  which  the  capability  of  the 
antenna  itself  is  complemented  by  a precision 
tracker.  The  use  of  digital  intermediate 
equipment,  plus  automatic  tracking,  provides 
for  pointing  the  antenna  with  the  required 
accuracy. 
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Radome 

The  antenna  was  designed  to  operate  while 
protected  from  atmospheric  effects  which 
could  degrade  the  precision  of  its  construc- 
tion or  perturb  the  pointing.  This  is  provided 
by  a radome,  a flexible  spherical  envelope 
kept  erect  by  air  under  pressure. 

Telemetry  and  Command 

In  order  to  take  advantage  of  all  the 
experimental  possibilities  of  the  system,  the 
station  has  equipment  for  receiving  telem- 
etry from  the  satellite  and  a ground  com- 
mand setup.  A command  tracker  is  able  to 
track  the  satellite  automatically  and  facili- 
tate acquisition  if  required. 

Equipment 

The  Pleumeur-Bodou  station  was  equipped, 
after  construction,  with  the  following  prin- 
cipal items  of  equipment: 

1.  Under  the  radome,  a horn  antenna  with 
the  communications  transmitter  and  receiver, 
antenna  drive,  and  the  servo  group  for  the 
pointing  motors. 

2.  A precision  tracker  with  antenna. 

3.  A command  tracker  with  antenna. 

4.  In  a central  building,  antenna  steering 
equipment  including  a computation  center, 
and  terminal  equipment  providing  connec- 
tions with  the  telephone  and  television  net- 
works. 

5.  A boresight  tower  with  satellite  simu- 
lator for  the  horn  antenna  and  a test  tower 
for  the  trackers. 

6.  Auxiliary  equipment  for  heating,  air- 
conditioning,  and  radome  inflation. 

OPERATIONAL  EQUIPMENT 
Horn  Antenna 

The  antenna  is  a horn  reflector  made  up 
of  a conical  HF  horn  36.5  m long,  a parabolic 
reflector  whose  focus  coincides  with  the  apex 
of  the  cone,  and  a cylindrical  screen  with  an 
opening  of  344  m2  (see  Figure  3-2).  Orien- 
tation in  elevation  is  accomplished  by  rotat- 
ing the  horn  about  its  horizontal  axis.  The 
entire  structure  rests  on  four  trucks  on  two 


Figure  3-2.— Horn  antenna. 

concentric  rails,  and  rotates  in  azimuth  about 
the  pivot,  the  only  function  of  which  is  to 
assure  perfect  centering.  The  equipment  is 
mounted  in  two  cabins  which  form  part  of 
the  rotating  structure  (see  Figure  3-3).  The 
apex  of  the  horn  is  in  the  upper  cabin,  with 
a rotary  joint  providing  the  link  between  the 
stationary  portion  and  the  rest  of  the  horn, 
which  is  movable  in  elevation.  The  reflecting 
surfaces  were  adjusted  with  the  highest 
accuracy;  the  paraboloid  differs  from  the 
theoretical  paraboloid  by  ± 1.5  mm  at  most. 
The  entire  system  is  designed  for  great 
rigidity. 

The  characteristics  are  as  follows: 


Gain  (db) 

3-db  Beamwidth  (deg) 

Receiving  4170  Me _ 1 

57 

0.23 

0.5 

Transmitting  1725  Me 

50 

The  1 db  radius  of  the  beam  for  receiving 
is  0.06  degree.  This  value  defines  the  max- 
imum acceptable  pointing  error  in  azimuth 
and  elevation;  pointing  error  should  not 
cause  a decrease  in  gain  greater  than  1 db. 

Antenna  Pointing 

The  pointing  accuracy  defined  above  is 
difficult  to  attain  because  of  the  large  inertia 
of  the  antenna  (mass  340  metric  tons) . This 
degree  of  accuracy  is  obtained  by  the  use  of 
digital  computation  equipment  and  particu- 
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Figure  3-3.- — Lateral  view  of  the  horn  antenna. 


larly  by  the  use  of  a pointing  error  detector 
which  provides  vernier  corrections  or  per- 
mits automatic  tracking. 

The  equipment  for  measuring  antenna 
position  in  azimuth  and  elevation  is  of  high 
accuracy  (-f  0.003  degree),  corresponding  to 
the  desired  pointing  accuracy. 

Norma/  Po/nf/ng  Mode 

In  normal  operation,  the  computing  center 
develops  antenna  pointing  data  from  topo- 
centric  coordinates.  The  data  points  are  at 
4-second  intervals.  They  are  recorded  on  a 
magnetic  tape  which  is  placed  in  a tape 
reader.  At  the  selected  moment,  given  by  the 
station  clock,  a block  of  data  is  transferred 
to  the  antenna  command  where  it  is  checked, 
stored  in  the  memory,  and  interpolations  are 
made  at  the  rate  of  128  intermediate  points 
per  second.  The  equipment  adds  to  these 
points  any  automatic  or  manual  corrections 
and  compares  the  result  with  the  actual  posi- 
tion of  the  antenna  to  derive  error  voltages 
which  drive  the  servo  loops  of  the  drive 
motors. 


The  topocentric  coordinates  which  enable 
the  ephemerides  of  the  Relay  satellites  to  be 
established  are  provided  by  the  NASA  com- 
putation center. 

Vernier  Autotrack  (VAT) 

The  vernier  autotrack  (see  Figure  3-4) 
operates  on  the  4079.73  Me  signal  radiated 
by  the  satellite  beacon  and  provides  antenna 
pointing  errors  referred  to  an  electrical  axis. 
This  provides  automatic  correction  of  me- 
chanical deformations  of  the  antenna.  It 
makes  use  of  the  propagation  conditions  in 
a circular  waveguide  in  which  only  the  TE  11 
and  TM  01  modes  are  propagated. 

The  circular  waveguide  which  extends  the 
apex  of  the  horn  has  two  sets  of  coupled 
cavities  arranged  along  two  perpendicular 
diameters.  Each  set  is  coupled  to  two  rec- 
tangular waveguides,  making  a hybrid  junc- 
tion. The  cavities  along  the  vertical  diameter 
provide  for  extraction  of  the  vertical  com- 
ponent of  TE  11  and  TM  01.  The  cavities 
along  the  horizontal  diameter  provide  for 
extraction  of  the  horizontal  component  of 
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Figure  3-4. — Block  diagram  of  vernier  autotrack. 


TE  11.  Three  amplification  channels  provide 
error  voltages  in  azimuth  and  elevation. 

The  conversion  of  coordinates  is  per- 
formed by  means  of  the  coordinate  converter 
which  is  included  in  the  servo  system.  The 
error  signals  may  drive  the  servo  loops 
directly  (autotrack)  or  they  may  correct  the 
computed  data  after  encoding  (vernier). 

The  pointing  angle  accuracy  obtained  with 
the  VAT  is  better  than  0.005  degree.  The 
pass  band  is  3 kc.  The  maximum  angle  for 
acquisition  is  0.2  degree  in  all  directions. 

Servo  Group 

The  servo  group  controls  the  hydraulic 
motors  which  position  the  antenna.  Azimuth 
positioning  is  accomplished  by  two  Vickers 
sets,  each  composed  of  a 25  hp  electrical 
motor  driving  a pump,  plus  two  receivers. 


Each  receiver  is  connected  through  two  re- 
duction gears  to  a pinion  which  meshes  with 
a rack  mounted  on  a parapet  sized  to  the 
foundations.  One  receiver  operates  as  a 
brake  and  the  other  as  a motor. 

The  elevation  drive  is  also  accomplished 
by  two  similar  groups,  but  these  are  of  10 
hp  each  (Figure  3-5).  These  groups  are 
mounted  on  the  azimuth  structure ; the  bull- 
gear  is  bolted  around  the  elevation  wheel. 

The  Vickers  systems,  driving  through  the 
reduction  gears,  provide  a remarkable  flex- 
ibility of  response;  the  azimuth  rate  can 
vary  from  0 to  1.5  deg/sec  and  the  elevation 
rate  from  0 to  1.4  deg/sec. 

Each  group  includes  several  servo  loops. 
Excessive  torques  due  to  the  wind  are  elimi- 
nated by  the  radome.  Antenna  pointing  is 
accomplished  with  the  desired  stability,  since 
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Figure  3-5. — Elevation  drive. 

the  characteristic  resonance  of  the  antenna 
structure  is  relatively  high  (1.8  cps  in 
azimuth). 

The  Relay  Transmitter 

The  transmitter  (Figure  3-6)  has  an  out- 


put power  of  10  kw  at  1725  Me.  The  signal, 
amplified  at  baseband,  frequency  modulates 
the  reflex  klystron  1 which  oscillates  at  the 
frequency  of  6174.13  Me.  Klystron  2 oscil- 
lates at  6100  Me,  so  that  beating  the  two 
signals  in  the  mixer  gives  an  intermediate 
frequency  of  74  Me.  An  automatic  frequency 
control  system  using  a quartz  reference  main- 
tains the  intermediate  frequency  at  the 
nominal  value. 

The  IF  signal  produced  is  amplified  and 
transposed  by  mixer  2 to  the  transmitting 
frequency  of  1725  Me.  The  resulting  signal 
goes  through  the  exciter  amplifier  consist- 
ing of  a traveling  wave  tube  of  30  db  gain, 
and  then  through  the  power  amplifier,  a 
5-cavity  klystron. 

The  transmitted  signal  at  1725  Me  is 
coupled  into  the  antenna  at  the  conical  sec- 
tion immediately  following  the  point  of  the 
apex.  Two  signals  of  equal  amplitude  and 
90  degree  phase  difference  are  coupled  at 
right  angles  and  produce  a signal  of  right- 
hand  circular  polarization  in  space  (Figure 
3-7). 


ANTENNA 


Figure  8 6. — Block  diagram  of  Relay  transmitting  system. 
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Figure  3-7. — View  of  the  apex  of  the  horn  showing 
VAT  and  1725  Me  transmitter  coupling. 


Receiver 

The  maser  located  behind  the  apex  of 
the  cone  (see  Figure  3-8)  is  connected  to 
the  antenna  by  the  diplexer.  The  loss  in  the 
waveguides  is  kept  to  a minimum  (0.2  db). 
The  single  tuned  ruby  maser  is  placed  in 
liquid  helium ; it  has  a nominal  frequency  of 
4170  Me,  gain  of  42  db,  3-db  bandwidth  of 
16  Me,  and  noise  temperature  of  4°K.  The 


pump  frequency  is  30,180  Me  and  is  stabi- 
lized automatically. 

The  amplitude  is  perfectly  linear.  The 
bandwidth  is  extended  to  25  Me  by  inser- 
tion of  an  IF  equalizer  installed  just  follow- 
ing the  frequency  converter.  The  signal 
converted  to  the  intermediate  frequency  of 
74  Me  is  amplified  up  to  a level  of  +1  dbm, 
maintained  constant  by  automatic  gain  con- 
trol. Since  the  frequency  deviation  of  the 
received  signal  is  very  large,  the  threshold 
of  the  receiver  is  reduced  to  a minimum 
value  by  the  process  of  frequency  compres- 
sion. The  demodulator  operates  at  an  input 
frequency  of  6123  Me.  The  initial  modula- 
tion index  is  reduced  by  this  feedback  device 
to  a low  value,  and  the  noise  spectrum  in 
the  loop  is  reduced  to  its  minimum  value. 
The  threshold  of  the  receiver  is  improved 
by  4 to  5 db. 

Radome 

The  radome  plays  an  important  part  in 
the  achievement  of  the  horn  antenna  per- 
formance. It  protects  the  antenna  against 
dust  and  atmospheric  phenomena  such  as 
heat  of  the  sun,  wind,  snow,  rain,  and  ice. 
If  the  antenna  were  in  the  open  air  it  would 
be  subject,  because  of  temperature  varia- 
tions, to  deformations  which  would,  in  the 
case  of  the  reflecting  surfaces,  reduce  the 
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Figure  3-8* — Block  diagram  of  receiving  system. 
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gain  and  degrade  the  radiation  pattern.  The 
pointing  accuracy  would  be  reduced.  The 
wind  would  be  very  harmful  to  tracking  per- 
formance; a moderate  wind  would  cause 
instabilities  and  strong  wind  would  prevent 
pointing  the  antenna  with  the  desired  ac- 
curacy. Rain  and  snow  would  result  in  accu- 
mulations of  water  difficult  to  drain  off.  For 
these  reasons,  the  radome  made  it  possible 
to  lighten  the  antenna  structure  and  the 
drive  system. 

The  envelope  is  a section  of  a sphere  64 
m in  diameter.  The  material  is  two  layers 
of  dacron  with  the  fibers  crossed  at  90  de- 
grees and  coated  with  a synthetic  rubber 
hypalon.  The  thickness  is  1.8  mm  ± 0.05 
mm.  This  material  produces  the  minimum  of 
radioelectric  losses  and  has  minimum  per- 
meability to  moisture. 

The  installation  of  the  radome  is  a delicate 
operation  (see  Figures  8-9  and  3-10). 

Precision  Tracker 

The  precision  tracker  is  a radio  theodolite 
basically  intended  for  measuring  the  azimuth 
and  elevation  of  the  satelite  as  functions  of 


Figure  3-9, — Erection  of  the  radome  over  the 
construction  shelter. 


time  during  a pass  (see  Figure  3-11).  It 
uses  the  signal  from  the  4079.73  Me  satellite 
beacon.  In  fact,  it  serves  several  functions 
in  relation  to  the  communications  antenna; 
for  one  thing  it  assures  acquisition  in  cases 
where  the  computed  pointing  data  may  be 
uncertain,  by  virtue  of  its  2 degree  beam- 


Figure  3-10.— Initial  inflation  of  the  radome 
over  the  construction  shelter. 


Figure  3-11.— Simplified  block  diagram 
of  precision  tracker. 
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width.  It  makes  acquisition  more  rapid  by 
the  use  of  an  acquisition  receiver  which  de- 
termines the  frequency  received  from  the 
beacon.  It  is  possible  to  slave  the  horn  an- 
tenna to  the  precision  tracker  through  digital 
tracking  equipment.  Lastly,  it  provides  time 
and  frequency  referenoes. 

The  antenna  is  a Cassegrain  reflector  2.45 
m in  diameter;  the  principal  reflector  is  a 
parabolic  aluminum  surface  over  which  a 
molded  fiberglass  truncated  cone  structure 
is  placed,  serving  as  support  for  the  subre- 
flector. The  secondary  reflector  is  hyper- 
bolic, 91  cm  in  diameter,  and  consists  of  a 
grid  of  horizontal  aluminum  wires.  The 
antenna  therefore  accepts  only  the  vertical 
component  of  the  received  signal.  In  front 
of  the  principal  surface  is  placed  a grid  of 
wires  oriented  45  degrees  from  the  vertical, 
providing  focusing  at  the  apex  after  reflec- 
tion. The  signal  is  received  in  four  horns 
placed  at  the  apex  of  the  parabola  and  then 
processed  in  four  hybrids  by  addition  and 
subtraction  to  give  three  signals  (sum,  azi- 
muth difference,  and  elevation  difference). 
The  signals  are  amplified  directly  by  three 
parametric  amplifiers  with  high  gain  and 
low  noise. 

An  acquisition  receiver  determines  from 
the  sum  signal  the  exact  frequency  received ; 
the  pass  band  is  ± 150  kc  about  the  nominal 
frequency.  The  receiver  consists  of  300 
channels  each  of  1 kc  bandwidth.  A set  of 
300  filters  performs  a spectrum  analysis 
of  the  frequency,  and  the  activated  filter 
gives  a signal  which  activates  a digital  de- 
vice. The  channel  is  identified  and  the  other 
channels  are  switched  off.  An  analog  voltage 
proportional  to  the  frequency  deviation  posi- 
tions the  quartz  oscillator  of  the  tracking 
receiver  and  triggers  an  automatic  sweep 
about  the  frequency.  When  frequency  lock 
is  achieved  the  digital  input  is  disconnected. 
The  phase-lock  loop  keeps  the  sum  signal  in 
phase  with  a reference  5-Mc  frequency.  The 
difference  signals  are  converted  to  5 Me 
and  kept  in  phase  coherence ; coherent  detec- 
tion is  performed  in  the  error  angle  demod- 
ulators. The  amplified  error  signals  are  used 


to  drive  the  servo  loops  of  the  steering 
motors. 

The  mechanical  accuracy  of  the  system  is 

0.005  degree,  and  the  maximum  of  pointing 
errors  due  to  instability  is  0.015  degree. 

The  acquisition  of  frequency  enables  the 
phase-coherent  loops  of  the  VAT  to  be  pre- 
adjusted. 

The  frequency  standard  includes  a very 
accurate  1-Mc  crystal  oscillator  which  sup- 
plies the  100  kc  and  5 Me  references  as  well 
as  a 1-sec  timing  signal  to  an  accuracy  of  1 
part  in  10u.  It  is  checked  by  the  18  kc  signal 
received  from  the  NBA  station  of  the  Amer- 
ican Navy. 

ARRANGEMENT  OF  THE  OPERATIONAL 
EQUIPMENT 

The  equipment  required  for  the  opera- 
tion of  the  station  will  be  described  in  con- 
nection with  their  respective  locations. 

Communications  Antenna 

The  antenna  is  located  under  the  radome, 
with  the  complete  structure  mounted  on  two 
concentric  rails.  The  equipment  is  mounted 
in  two  cabins;  the  upper  cabin  behind  the 
horn,  and  the  lower  cabin  in  a position  as 
close  as  possible  to  the  axis  of  rotation  in 
azimuth. 

Upper  Cabin 

The  throat  of  the  horn  is  enclosed  in  the 
upper  cabin,  with  a rotary  joint  to  provide 
continuity  between  the  apex  and  the  rest  of 
the  horn.  The  following  equipment  is  lo- 
cated in  the  upper  cabin  (see  Figure  3-12). 

1.  Near  the  horn,  the  VAT  equipment, 
mode  coupler,  and  4080  Me  receiver. 

2.  The  communications  receiver  with 
maser,  hyperfrequency  pump,  liquid  nitro- 
gen and  liquid  helium  coolers,  IF  amplifier, 
frequency-compression  loop. 

3.  The  Telstar  communications  trans- 
mitter. 

4.  Measurement  equipment,  radiometry 
equipment,  antenna  command  group  equip- 
ment (encoder,  resolver,  VAT  coordinate 
converter) . 
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1 - VAT 
2-  MASER 

3 - MASER  PUMP 

4 - RECEIVER 

5 - TV  RECEIPT  BAY 

6 - TV  TRANSMISSION  BAY 

7 - TELSTAR  TRAN  SMI  HER 

8 - VAT  COORDINATE  CONVERTER 
.9  - ENCODER- RES OL VER 


Figure  3-12. — Plan  view  of  the  upper  room. 


Figure  3-14. — View  of  the  slip  ring. 


Lower  Cabin 

The  lower  cabin  contains  essentially  the 
antenna  steering  equipment  (see  Figure 
3-13). 


Slip  Ring— Cable  Links 

The  antenna  pivot  carries  a set  of  slip 
rings  providing  for  transmission  of  signals 
and  energy  between  the  movable  antenna 
and  the  cables  which  terminate  in  the  radome 
(Figure  3-14). 

Between  the  radome  and  the  main  build- 
ing there  are  the  following  cable  links: 

1.  1 cable  carrying  six  coaxial  pairs  1. 2/4.4 
and  69  0.9  quads 


1 - 420  cps  POWER  SOURCE 

2 - ANTENNA  DRIVE  CONTROL 

3 - POWER  PANEL 
4-5  - RECTIFIERS 

6 - TEST  SIGNAL 

7 - VAT  FREQUENCY 

8 - VAT  ERROR  - X AXIS 

9 - VAT  CONTROL 

10  - VAT  ERROR  - Y AXIS 

11  - VAT  POWER  SUPPLY 

12  - HIGH  VOLTAGE  POWER  SUPPLY- 

TELSTAR  TRANSMITTER 

13  - SIGNAL  DISTRIBUTION  PANEL 

14  - RELAY  TRANSMITTER 


ANTENNA  DRIVE 


15  - POWER  SUPPLY 

16  - MONITORS 

17  - DIGITAL  GROUP 

18  - TESTS 

19  - RECORDING 

20  - SERVO-GROUP 

21  - CARRIER  AND  ALARMS 

HELIUM  RETRIEVAL 

22  - GASOMETER 

23  - PURIFIER 

24  - COMPRESSOR 

25  - BOTTLES 


nnM  i m oznamion  □!  HH 

. O 4MTI5 


Figure  3-13. — Plan  view  of  the  lower  room. 


2.  1 cable  of  100  0.9  shielded  pairs 

3.  74  RG  11  A/U  coaxial  cables 

In  the  radome  annex  is  a rack  containing 
an  equalizer  (amplifier)  and  a switching 
system  for  television  signals. 

Main  Building— Trackers 

The  antennas  for  the  precision  tracker 
and  command  tracker  are  located  near  the 
central  building.  This  building  brings  to- 
gether the  controls  for  the  whole  complex 
and  provides  for  connections  with  the  na- 
tional television  and  telephone  networks. 

Control  and  Tracking  Room 

At  the  center  (see  Figure  3-15),  the  sta- 
tion control  console  receives  the  data  from 
the  various  systems  and  directs  the  acquisi- 
tion and  tracking  operations.  (Figure  3-16) . 

Three  video  monitors  (two  for  transmis- 
sion, one  for  receiving)  provide  for  monitor- 
ing the  television  transmission  link. 

The  precision  tracker  equipment  includes : 
— the  frequency  acquisition  receiver 
— the  tracking  receiver 
— the  frequency  standard  and  station  clock 
— the  4080  Me  test  signal  generator 
— the  digital  tracking  equipment  which  is 
also  part  of  the  steering  system  for  the  horn 
antenna 

The  telemetry  and  command  equipment 
includes : 

— the  antenna  tracking  receiver  and  the 
servo  circuits 


COMMUNICATION  CABLES 
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1 - STILL  PICTURE  ANALYZER 

2-40  cps  CABINET-SYNC HROSTABILIZATtON 

3 - VI DEO  SWITCHING 

4 - transmission  monitor 

5 - RECEIVING  MONITOR 

4 - MEASURING  EQUIPMENT 
7 - FRENCH  RADI  O-TV  NETWORK  BAY 
8-9  _ AMPEX  VIDEO  RECORDER 

10  - AMPEX  FR  100  RECORDER 

11  - TELEPHONE  RACK 

TRACKING 

1 - CLOCK  OSCILLATOR 

2 - CLOCK  POWER  SUPPLY 

3_4_5  - TRACKING  ENCODER  GROUP  (T.E.G.)  POWER 

6 - CLOCK 

7 - T.E.G.  TESTING 

8 - T.E.G. 


10  - PRECISION  TRACKER  - POWER  SUPPLY 
IT  - PRECISION  TRACKER  CONSOLE 

12  - COMBINED  FILTERS 

13  - PRECISION  TRACKER  LOGIC  ELEMENT 

14  - PRECISION  TRACKER  RECEIVER 

15  - PRECISION  TRACKER  FREQUENCY 

ACQUISITION  RECEIVER 

16  - PRECISION  TRACKER  FREQUENCY  GENERATOR 

17  - PRECISION  TRACKER  TEST  SIGNALS 

18  - LINK  WITH  THE  BORES  I GHT  TOWER 

(SATELLITE  SIMULATOR) 

19  - POWER  PANEL 

20  - STATION  CONTROL  CONSOLE 

21  - RECORDERS 

22  - TV  RECEIVERS 

23  - CABLE  DISTRIBUTION  FRAME 

24  - TELEMETRY  COMMAND  CABINETS 

25  - COMMAND  TRACKER  AUTOMATIC  TRACKING 

26  - N 1 CARRIER  - 43  A TELEGRAPH 


Figure  3-15. — Main  building’  plan  view  of  area  for 
terminal  equipment,  tracking  and  control. 


Figure  3-16. — Station  control  console. 


number  of  circuits,  reducing  the  number 
of  slip  rings  on  the  antenna  pivot.  Special 
equipment  provides  radio  links  with  the 
boresight  tower  on  Losquet  island. 


— the  telemetry  receiver,  with  FR-1100 
magnetic  tape  recorder 

— the  command,  encoder  and  transmitter 
Lastly,  the  43  Al,  N-carrier  multiplex 
telegraph  equipment  permits  the  exchange 
of  information  with  the  antenna  by  a small 


Terminal  Equipment  Room 

The  television  rack  provides  for  distribu- 
tion of  the  signals  and  performance  of  meas- 
urements (Figures  3-17  and  3-18).  It  is 
connected  by  two  coaxial  cables  to  the  micro- 
wave  links  in  Pleumeur-Bodou  village  for 


Figure  3-17. — Functional  block  diagram  of  terminal  equipment. 
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Figure  3-18.— View  of  the  video  rack. 


Figure  3-19.— -View  of  the  telephony  rack. 


transmission  of  pictures.  The  sound  is  car- 
ried by  telephone  channels. 

Two  Ampex  tape  recorders  permit  record- 
ing and  retransmission  of  the  television  sig- 
nals handled  by  the  station. 

The  telephone  terminal  equipment  pro- 
vides the  following  links: 

• 60  circuits  between  the  Pleumeur-Bodou 
station  and  the  Andover  station  through  the 
satellite 

• 24  circuits  between  Pleumeur-Bodou 
and  Brest 

• 12  circuits  beween  Pleumeur-Bodou  and 
Paris  via  Brest  (these  use  the  Pleumeur- 
Bodou  villiage  to  Brest  microwave  link) 

Between  the  main  building  and  the  ra- 
dome,  the  60  Andover  circuits  use  two  pairs 
of  the  6-pair  coaxial  cable ; three  other  pairs 
are  used  for  television  video,  with  the  sound 
sent  through  a quad. 

Two  self-carried  coaxial  cables  provide 
the  link  between  the  station  and  the  Pleu- 
meur-Bodou microwave  terminal,  permitting 
establishment  of  60  circuits. 

The  equipment  rack  includes:  (Figure 
3-19) 

— a main  generator 

— primary  group  carrier  generators 

— secondary  group  carrier  generators 


— generators  and  transmitters  of  the  60 
and  308  kc  pilot  signals 

All  the  items  constituting  the  telephony 
equipment  are  classic;  their  arrangement 
only  was  realized  in  a special  way,  so  as  to 
make  easy  the  transmission  tests  and  the 
measurements.  The  telephony  rack  is  com- 
pleted with  an  AMPEX  FR  100 — 8 tracks 
— recorder. 

Figure  3-20  shows  how  the  station  is  con- 
nected to  the  national  telephone  and  tele- 
vision networks.  The  frequency  plan  for  the 
microwave  links  between  the  village  of  Pleu- 
meur-Bodou and  the  relay  at  Roc  Tredudon 
is  as  follows: 


Telephony. 

Television. 


Receive 

Transmit 

2264  Me 

2136  Me 

3543.5  Me 

3752  Me 

Compufcrh’on  Center 

The  IBM  1620  computer  with  special 
floating  decimal  point  is  supplemented  by  an 
auxiliary  IBM  1623  memory  (Figure  3-21). 
Input  and  output  of  large  quantities  of  in- 
formation is  handled  by  an  IBM  1622  card 
reader-perforator.  The  computer  can  be 
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2 - IBM  MAGNETIC  TAPE  UNITS 

3 - TAPE  SWITCHING  UNIT 


4 - TAPE  SWITCHING  CONSOLE 

5 - COMPUTER 

6 - IBM  026  UNIT 

7 - TABULATOR  - IBM  421  OR  407 

8 - POWER  DISTRIBUTION  PANEL 

Figure  3-21. — Plan  view  of  the  computation  center. 

connected  to  four  Model  729  II  magnetic  tape 
units.  A system  of  switching  provides  great 
flexibility  in  the  use  of  the  tapes. 

Auxiliary  Equipment — IBM  026  alpha- 
betic multiperforator,  IBM  407  tabulator, 
IBM  046  tape  perforator  (Figure  3-22). 

SITE— FOUNDATIONS— BUILDINGS 
Site 

The  search  for  a site  was  begun  in  the 
spring  of  1961,  and  was  limited  to  Brittany 


Figure  3-22. — View  of  the  computation  center. 


because  of  its  location  in  the  extreme  west 
of  France,  providing  the  longest  periods  of 
mutual  visibility  across  the  Atlantic.  The 
temperate  climate  of  this  region  was  also 
an  attractive  feature. 

The  Pleumeur  - Bodou  site  was  finally 
chosen  for  the  following  reasons  (see  Fig- 
ures 3-23  and  3-24) : 

1.  Proximity  to  the  CNET  laboratories 
in  the  Lannion  region  (Research  Center — 
Flight  Tests  Center) . 

2.  Easy  access  to  telephone  and  television 
networks. 

3.  Quick  acquisition  in  sparsely  populated 
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Figure  3-23. — Location  of  the  station 

in  Brittany. 


Figure  3-24. — The  Pleumeur-Bodou  region. 


moors  of  a large  area  which  was  flat  enough, 
offered  stable  granite  layer,  and  allowed  for 
future  expansion. 

4.  Absence  of  RF  parasites  (distant  from 
microwave  links,  airports,  ports,  and  sea 
lanes),  monitored  by  systematic  measure- 
ments. 


5.  Configuration  of  the  terrain  in  the  form 
of  a basin,  with  the  rim  providing  improved 
RF  protection  without  raising  the  horizon 
excessively  (less  than  5 degrees) . 

6.  Convenient  access  roads  and  facilities 
for  power  and  water  supply. 

7.  Nearness  to  a coastal  resort  area  pro- 
viding good  living  conditions  for  personnel. 

The  site  is  259.5  acres  in  area. 

The  geographic  coordinates  of  the  center 
of  the  antenna  are  : 

Latitude  48°  47'  13"  N 

Longitude  03°  31'  20"  W 

Mean  altitude  is  40  m.  Figure  3-25  gives 
an  overall  view. 


Figure  3-25. — Overall  view  of  the  station. 


Layout  of  the  Site 

The  present  installations  on  the  site  leave 
ample  room  for  future  expansion  (see  Fig- 
ures 3-26  and  3-27).  The  tracker  antennas, 
the  main  building,  and  the  heating  plant  are 
placed  in  a central  location  with  respect  to 
the  radome  and  the  sites  of  future  antennas. 

Radome 

Erected  on  an  open  site,  the  radome  area 
provides  a very  stable  footing  for  the  anten- 
na (diameter  of  the  circular  tracks:  22  and 
41  m).  (See  Figures  3-28  and  3-29).  The 
track  beds  are  integral  with  the  pivot 
through  radial  arms  of  reinforced  concrete. 

The  foundations  of  the  pintle,  the  track 
beds,  and  the  wall  are  large  sole  plates  an- 
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Figure  3-26. — General  plan  of  the  station. 


chored  in  0.5  m of  solid  granite.  Figure 
3-30  shows  the  general  appearance  of  the 
concrete  structures. 

The  radome  envelope  is  kept  erect  by  air 
under  a normal  pressure  of  3.8  cm  of  water ; 
it  can  withstand  winds  up  to  160  km/hr  with 
the  pressure  raised  to  14  cm  of  water. 

A radome  annex  adjacent  to  the  radome 
(500  m2)  contains  the  air  locks,  for  both 
personnel  and  vehicles,  and  the  following 
equipment : 

1.  The  five  blowers  for  radome  inflation, 
with  their  emergency  generator. 

2.  The  electrical  power  switchboard. 

3.  The  bay  for  the  cables  connecting  the 
radome  to  the  main  building. 

4.  Equipment  for  chilling  and  circulating 
the  cooling  water  (4°). 

5.  Heat  exchangers  supplying  the  8 aero- 
therms  for  radome  heating. 

6.  Storage  for  liquid  helium  and  liquid 
nitrogen. 

Main  Building— Trackers 

The  two  tracker  antennas,  located  on  a 
granite  rise  which  is  especially  unobstructed, 
are  mounted  on  concrete  piles  forming  part 
of  two  small  buildings.  (See  Figure  3-31.) 


Figure  3-27, — Location  of  the  buildings. 


The  main  building  is  built  at  the  foot  of  the 
rise  and  is  a one-story  building  on  one  level. 
It  has  an  area  of  1500  m2  (111  x 14  m). 
(See  Figures  3-32  and  3-33.) 

The  two  main  parts  of  the  building,  the 
Equipment  Room  and  the  Computation  Cen- 
ter, have  special  features.  The  floor  is  30 
cm  from  the  ground  and  is  made  of  (75  X 
75  cm)  movable  sections  of  wood  lath  cov- 
ered with  plastic,  supported  by  a metallic 
structure  mounted  on  adjusting  screws.  The 
open  space  under  the  floor  is  used  for  cabling 
and  for  air-conditioning.  The  windows  are 
fixed.  A central  air-handling  system  includ- 
ing two  refrigerating  units  recycles  the  air 
through  two  supply  and  return  systems; 
one  serves  the  computation  center  and  the 
other  the  equipment  room. 

Other  areas  of  the  main  building  are  the 
commercial  power  room,  the  power  switch- 
board, the  batteries,  the  long-lines  switch- 
board, the  communications  areas  with  the 
telephone  switchboard  and  teletype  sets,  a 
storeroom,  conference  room,  and  offices  for 
the  engineers  and  the  administrative  services. 

Near  the  central  building  is  a very  rigid 
25-m  tower  (motion  of  the  top  less  than 
± 1.5  mm  in  winds  of  120  km/hr)  on  the 
top  of  which  are  mounted  the  antennas  for 
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Figure  3-28. — Section  of  the  radome  foundations. 
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Figure  3-29.— Plan  view  of  the  radome  and  utility  building. 


testing  the  trackers  as  well  as  the  anemo- 
meter which  controls  the  inflation  pressure 
of  the  radome. 

Three  poles  support  the  antenna  which  re- 
ceives the  18-kc  signals  for  synchronizing 
the  clock. 

Power  Building— Substation 

The  substation  receives  the  two  power 
supply  lines  from  the  national  power  net- 
work (see  Figures  3-34  and  3-35). 


The  power  building  is  35  X 12  m,  5 m 
high,  It  contains  essentially  a 50-cycle  sub- 
station, two  50/60  cycle  converters,  and  four 
60-cycle  motor-generators.  A 5-ton  overhead 
crane  is  used  in  working  on  the  motors. 

Heating  Plant 

The  heating  plant  (see  Figure  3-36)  is 
in  a building  22  X 10  m,  6 m high.  It  con- 
tains two  boilers  providing  superheated 
water  under  pressure  (180°G  and  10  kg/cm2) 
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Figure  3-30. — General  appearance  of  the  concrete 
structure. 


which  is  brought  to  the  radome  heat  ex- 
changers through  a conduit  125  mm  in  diam- 
eter. 

The  power,  3 X 106  calories/hr.,  is  ample 
to  provide  adequate  heating  in  winter  and 
to  prevent  accumulation  of  snow  or  frost. 

External  Conduits  and  Cableways 

External  conduits  with  special  compart- 
ments connect  the  various  buildings  (see 
Figure  3-37) ; they  are  used  by: 

1.  The  medium  and  low-tension  electrical 
power  cables 

2.  The  command,  communication,  and  tele- 
phone cables 

3.  The  water  and  heating  pipes 


Figure  3-32. — Main  building. 


Suspended  cableways  connect  the  two 
tracker  antennas,  the  test  tower,  and  the 
main  building. 

Boresight  Tower  on  Losquet  Island 

The  satellite  simulator  (beacon  and  trans- 
ponder) is  mounted  on  a tower  200  m high 
situated  on  a small  uninhabited  island  6342 


t 

LONG  Jsf 


Figure  3-83.— Plan  view  of  the  main  building, 
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Figure  3-34. — View  of  the  inside  of  the  power 
station. 


OIL 

AND  , OFFICE 

FUEL  (SUPERVISORY) 

RADIATOR  AREA 


40 


Figure  3-36— View  of  the  heating  plant. 


OFFICE  STORAGE  BATTERIES 


1,2  15,000/380-220  V - 630  KVA  TRANSFORMERS 

3 50  cps  PANEL 

4,5  50/60  cps  CONVERTERS 

6 GEI  - 60  cps  - 75  KVA  - EMERGENCY  GENERATOR 

7,8,9  GE2  - GE3  - GE4  - 60  cps  - 250  KVA  GENERATORS 

JO  60  cps  DISTRIBUTION  PANEL 


Figure  3-35. — Plan  view  of  the  power  building. 


m from  the  center  of  the  antenna  (Figure 
3-38) . In  this  way  it  was  possible  to  obtain 
an  angle  of  1.4  degree  elevation  for  the 
direction  from  the  axis  of  the  horn  antenna 
to  the  simulator. 

The  isolation  of  the  island  made  necessary 
the  installation  of  an  independent  power 
supply.  The  equipment  on  the  tower  is  con- 
trolled and  monitored  by  a radio  link. 

k 

Service  Com mynicat ions 

Teletype 

Three  semi-duplex  units  with  tape  per- 
rators  provide  links  with: 

-the  NASA  network  through  London 


Figure  3-37. — External  cableways. 


Figure  3-38. — Boresight  tower  on  Losquet  Island. 
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— BTL  at  Andover 

— the  French  Telex  network 

Telephone 

The  telephone  switchboard  is  connected 
to  the  French  network  and  has  direct  lines 
to  CNET  in  Paris,  to  Goddard  Space  Flight 
Center  of  NASA,  and  to  the  Andover  earth 
station.  An  automatic  internal  system  serves 
the  entire  complex. 

ELECTRICAL  POWER  SYSTEM 

The  electrical  power  system  (see  Figure 
3-39)  is  fairly  complex  because  of  the  ex- 
istence of  two  feed  frequencies  (50  and  60 
cycles)  and  because  of  the  requirements  of 
reliability  and  quality  imposed  by  the  elec- 
tronic equipment. 

50  Cycle  Alternating  Current 

The  50  cycle  power  from  the  national  net- 
work is  brought  in  on  two  medium-tension 
15,000  volt  lines,  one  normal  and  one  standby, 
terminating  at  the  substation.  Since  the 
main  building  is  over  500  m from  the  power 
building,  it  was  decided  to  install  trans- 
formers at  both  locations.  These  units,  of 
630  and  1260  kva  capacity  respectively,  pro- 
vide the  220/380  v supply.  They  are  supple- 
mented by  two  voltmeter-balanced  induc- 
tion regulators  which  supply  a voltage  reg- 
ulated to  ± 2 percent  for  the  electronic 
equipment  of  French  origin. 

60  Cycle  Alternating  Current 

Power  Supply  for  Radome  Inflation 

In  the  power  building,  two  50/60  cycle 
converters  provide  the  normal  power  on  two 
lines,  one  a spare.  An  emergency  diesel 
generator  (GE  1,  75  kva)  starts  auto- 
matically in  case  of  failure  of  the  normal 
power.  A second  spare  generator  (GE  5) 
of  the  same  power  is  located  in  the  radome 
utility  building. 

60  Cycle  General  Supply , 272 / 470  V 

Three  diesel  generators  in  the  power  build- 
ing provide  continuous  power.  These  units 
(GE  2,  GE  3,  and  GE  4),  are  of  250  kva 
capacity.  In  normal  operation  the  power  is 


supplied  by  GE  2 or  GE  3,  which  are  started 
manually,  with  GE  4 started  automatically 
as  a spare.  At  critical  periods  GE  2 or  GE  3 
is  coupled  in  parallel  with  GE  4. 

The  frequency  tolerance  of  ± 1 percent 
is  obtained  by  a speed  regulator  of  the  watt- 
meter type.  The  generators  have  a voltage 
regulator  controlling  the  voltage  to  ± 1 
percent. 

The  power  is  distributed  to  the  radome  by 
two  separate  special  circuits  (one  for  motors 
and  one  for  electronic  equipment),  and  to 
the  main  building  where  two  transformers 
reduce  the  voltage  to  120/208. 

60  Cycle  Special  Supply 

Certain  elements  of  the  antenna  require 
a continuous  power  supply  at  230  v,  60  cycles, 
single  phase,  with  the  ratio  of  sub-harmonics 
less  than  0.5/1000.  Two  60/60  cycle  con- 
verters operating  at  1800  rpm,  with  a capa- 
city of  8 kva,  provide  this  supply.  They  are 
started  automatically.  One  unit  is  supplied 
from  the  60-cycle  current  provided  by  the 
50/60  conversion  and  the  other  from  the 
60-cycle  general  supply.  At  critical  times 
both  units  are  in  operation,  one  underload 
and  the  other  unloaded  as  a standby;  the 
load  can  be  transferred  automatically  in  less 
than  0.25  second. 

Antenna  Power  Supply 

The  power  for  the  rotating  structure  is 
carried  through  the  28  power  slip  rings  of 
the  pivot.  The  neutral  of  the  three-phase 
ac  current  is  omitted,  which  does  not  affect 
the  motors  but  requires  a 45  kva  trans- 
former in  the  lower  cabin  for  the  single- 
phase circuits. 

420-400  Cycle  Supply 

In  the  antenna  there  are  two  0.3  kva  units 
which  supply  a single-phase,  120  v,  420  cycle 
± 0.25  percent  current  to  the  servo  loops  of 
the  antenna. 

In  a small  building  near  the  main  build- 
ing are  two  units  which  provide  400-cycle 
± 2 percent  current  at  120/208  v for  the 
trackers. 


Figure  3-39. — General  diagram  of  electrical  installation. 
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Direct  Current  Sources 

Two  batteries  in  the  main  building  supply 
the  station  clock  and  the  telephone  central 
with  direct  current  at  24  v ± 5 percent  with 
1/1000  degree  filtering. 

One  battery  in  the  main  building  and  two 
rectifiers  in  the  antenna  lower  room  supply 
130  v ± 4 percent,  1/1000  filtering,  for  elec- 
tronic equipment. 

Telephone  Equipment  Power  Supply 

The  telephone  terminal  equipment  of  the 
main  building  is  served  by  a special  system 
(battery-standby  generator-switchboard)  of 
the  standard  type  for  long  lines  equipment. 

Boresight  Tower  on  Losquet  Island 

An  independent  power  supply  is  provided 
for  the  boresight  tower  equipment.  It  con- 
sists of  continuous  single-phase  220  v 50- 
cycle  current  provided  by  three  generator 
sets  rotated  in  service  daily.  A battery  sup- 
plies the  switchboard  and  the  RF  monitoring 


equipment.  The  battery  can  also  provide 
emergency  power  for  the  tower  light  beacons. 

CONCLUSION 

The  Pleumeur-Bodou  station  has  operated 
practically  without  failure  for  all  passes 
where  its  participation  was  called  for.  Oper- 
ation of  the  station  has  enabled  CNET  to 
acquire,  in  addition  to  the  experimental 
results,  valuable  experience  in  the  char- 
acteristics of  operation  of  such  a new  and 
complex  system.  It  has  afforded  full  justi- 
fication for  the  decision  of  the  CNET  to 
equip  the  first  French  ground  station  with 
complete  facilities. 

The  CNET  has  in  this  way  gained  a solid 
background  for  future  operations  with  a com- 
mercial satellite  communications  network 
and  for  developing  the  present  station  into 
a fully  operational  one. 

Author.  This  chapter  was  contributed 
by  M.  J.  Dautrey,  Centre  National  d’  Etudes 
des  Telecommunications  (CNET),  Issy-les- 
Moulineaux,  France. 
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Chapter  4 


Results  of  Tests  Performed  with  Relay  I at  the 
Pleumeur-Bodou  Space  Communications  Station 

jO'l^ 

A description  is  given  of  the  tests  performed  at  the  French  satellite  communica- 
tions station  at  Pleumeur-Bodou  with  the  Relay  I satellite. 

An  analysis  is  given  of  the  means  for  acquiring  and  tracking  a satellite  and 
of  the  characteristics  of  the  resulting  communication  link.  The  tests  were  extremely 
satisfactory  and  provided  the  experience  necessary  for  the  commercial  exploitation 
of  future  satellite  communication  links.  a j/ 


INTRODUCTION 

Tests  were  performed  at  the  Pleumeur- 
Bodou  station  using- 123  passes  of  the  Relay 
I satellite  covering  the  entire  period  from 
the  beginning  of  its  operation  to  the  time  of 
writing.  Acquisition  and  tracking  tests  were 
performed  for  the  purpose  of  studying  the 
various  ways  of  using  a large  antenna  for 
these  functions,  and  the  good  and  bad  fea- 
tures of  the  communication  link  established 
through  the  satellite  were  determined. 

The  tests  which  will  be  described  in  this 
paper  have  shown  that  the  operation  of  the 
station  was  perfect,  and  that  the  quality  of 
the  link  was  extremely  satisfactory.  It  will 
be  seen  that  it  has  been  possible  to  determine 
the  optimum  characteristics  and  the  operat- 
ing limits  of  each  of  the  station  subsystems 
and  to  acquire  the  necessary  experience  for 
the  exploitation  of  future  satellite  communi- 
cation links.  It  has  been  shown  that  such 
links  are  technically  feasible  at  the  present 
time. 

ACQUISITION  AND  TRACKING  TESTS 

During  the  first  year  of  operation  of  the 
Relay  I satellite,  namely  from  14  December 


1962  to  14  December  1963,  the  PleUmeur- 
Bodou  space  station  made  use  of  123  passes 
of  the  satellite,  corresponding  to  46  hours 
of  transatlantic  traffic.  The  links  used  for 
tests,  whether  communication  tests  or  tech- 
nical tests,  were  never  interrupted  or  delayed 
because  of  a failure  of  equipment  or  per- 
sonnel, of  the  antenna  drive,  or  of  the  com- 
munication equipment. 

For  the  entire  group  of  satellites  Relay  I, 
Telstar  I,  and  Telstar  II,  the  percentage  of 
time  during  which  satellite  tracking  was 
successful  reaches  99.5  percent  for  a total 
number  of  passes  of  315,  corresponding  to 
126  hours  of  operation.  It  should  be  noted 
that  this  figure  includes  the  first  hours  of 
space  communications,  which  must  from 
many  points  of  view  be  considered  part  of 
an  experimental  period.  No  disabling  equip- 
ment failure  occurred  during  any  pass. 

The  primary  purpose  of  the  antenna  drive 
is  to  keep  the  horn  reflector  antenna  pointed 
accurately  in  the  direction  of  the  satellite 
in  order  to  permit  the  transmission  of  com- 
munications of  related  tests.  Accordingly, 
particular  efforts  were  made,  during  those 
passes  used,  to  establish  the  acquisition  ca- 


597 


598 


EE^AY,  I— PART  III 


pabilities  of  the  various  types  of  equipment 
and  their  capacity  to  maintain  contact  with 
the  satellite  in  the  various  modes  of  opera- 
tion. On  the  basis  of  the  results  of  these 
observations,  we  made  a few  alterations  or 
additions  to  the  equipment. 

It  should  be  kept  in  mind  that  the  antenna 
drive  equipment,  except  for  the  136-Mc 
telemetry  and  command  equipment  which  we 
will  call  the  “command  tracker,”  was  built 
by  CNET  from  components  provided  by  Bell 
Telephone  Laboratories  and  is  identical  to 
the  equipment  used  at  the  Andover  station. 

We  will  analyze  in  turn  the  various  sub- 
systems shown  in  the  block  diagram  of  Fig- 
ure 4-1. 

Tests  With  the  Command  Tracker 

Tracking  Tests 

The  tracking  equipment  receives  the  signal 
from  the  satellite  beacon  which  is  transmit- 
ting on  a frequency  of  about  136  Me.  In  the 
case  of  Relay  I,  only  the  136.14  Me  frequency 
was  used  from  the  first  day. 


It  is  noteworthy  that  despite  the  change  in 
polarization  characteristics  of  the  satellite 
signals  as  a function  of  the  look  angle  of  the 
spin  axis,  no  major  difference  in  tracking 
performance  was  found  with  respect  to  the 
performance  with  Telstar  I. 

The  many  measurements  made  showed 
that  the  satellite  could  be  acquired  at  the 
moment  of  its  apparent  rise  above  the  hor- 
izon. Allowing  for  the  refraction  phenomena 
at  elevations  causing  the  first  beacon  signals 
to  be  received  at  geometric  elevations  from 
—0.5  to  —1.0  degree,  and  for  the  time  re- 
quired for  frequency  lock  of  the  receiver,  it 
is  still  possible  to  drive  the  antenna  in  the 
automatic  tracking  mode  for  elevations  below 
2 degrees.  This  was  even  achieved  on  the  day 
of  launch,  when  on  the  third  pass  (with  no 
mutual  visibility  with  the  U.S.)  we  were  able 
to  track  the  satellite  at  elevations  below  5 
degrees  and  to  verify  that  the  levels  of  the 
signal  radiated  by  the  satellite  were  satis- 
factory. 

Nevertheless,  because  of  ground  reflections 
and  the  beamwidth  of  the  antenna  (20  de- 


Figure  4—1.— Antenna  drive — functional  block  diagram. 
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grees  at  3 db),  there  are  significant  errors 
in  the  position  information  provided  by  the 
equipment  encoders  and  the  actual  position 
of  the  satellite.  These  errors  are  most  in 
evidence  in  elevation  for  angles  below  20 
degrees ; the  rapid  fluctuations  of  the  antenna 
may  reach  ±5  degrees,  although  the  auto- 
matic track  still  does  not  lose  lock.  For 
higher  elevations  the  pointing  accuracy  im- 
proves, reaching  ±1  degree  at  40  degrees. 
The  azimuth  information  is  only  slightly 
affected  by  reflections,  but  because  of  the 
dimensions  of  the  antenna  and  its  mechan- 
ical structure,  errors  of  about  2 degrees  may 
occur  as  a result  of  wind  gusts  above  60 
km/hr.  Because  of  the  very  open  site  of  the 
antenna,  these  wind  speeds  were  observed 
fairly  often  during  the  winter  of  1962-63. 

Figure  4-2  is  a reproduction  of  the  record- 
ing of  one  tracking  operation.  During  this 
pass  the  S/N  ratio  was  25  db  and  the  wind 
speed  50  km/hr.  This  recording  was  made 
with  the  tracker  encoder  group  of  the  pre- 
cision tracker.  With  the  precision  tracker 
slaved  to  the  command  tracker,  the  position 
data  from  its  encoders  is  compared  at  each 
instant  to  the  precomputed  tape  for  this  pass. 
The  validity  of  the  tape  data  is  continuously 
verified  by  the  position  information  from  the 
horn-reflector  antenna  tracking  the  4080  Me 
beacon.  In  addition,  at  the  15  degree,  20 
degree,  and  30  degree  positions  a check  was 


made  by  transfer  of  the  precision  tracker  to 
automatic  tracking. 

As  indicated  by  the  above  results,  the  use 
of  the  command  tracker  for  acquisition  of  the 
satellite  by  the  communications  antenna  was 
limited  to  confirming  the  presence  of  the 
satellite  and  the  time  of  its  rise.  The  accu- 
racy of  the  precomputed  tape  positions  was, 
as  will  be  seen  later,  greater  than  that  of  the 
tracking  by  the  command  tracker. 

Telemetry 

Telemetry  data  from  Relay  I was  always 
correctly  received  and  all  the  recorded  mag- 
netic tapes  could  be  decoded  without  diffi- 
culty. Time  information  conforming  to  the 
NASA  36-bit  time  code  was  recorded  on  one 
track  of  the  tape  from  a time  encoder  built 
at  the  station.  When  used  with  a decoder, 
this  equipment  makes  it  possible  to  know  at 
each  moment  the  state  of  the  various  satel- 
lite subsystems.  The  code  is  reproduced  in 
Figure  4-3.  The  quality  of  the  data  would 
have  permitted  its  use  for  surveillance  of  the 
satellite  during  the  various  command  cycles. 

Tests  Performed  With  the  4080  Me 
Precision  Tracker 

Acquisition 

The  acquisition  of  the  4079.73  Me  satellite 
beacon  by  the  precision  tracker  is  effected  in 
two  steps:  a)  acquisition  in  position;  b) 
acquisition  in  frequency. 


P0URSUITE  * EQUIPEMEMENT  136  Mhz  " S/Brult  * + 25  dB 


Figure  4-2. — 136  Me  tracking — -S/N  = +25  db. 
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Acquisition  in  Position — -This  acquisition 
is  considered  completed  when  the  pointing  of 
the  antenna  corresponds  to  the  actual  posi- 
tion of  the  satellite  to  within  0.5  degree. 
Since  the  3-db  beam-width  of  the  antenna  is 
2 degrees,  a pointing  error  of  0.5  degree  cor- 
responds to  a loss  of  1 db  in  the  link. 

Several  series  of  tests  were  carried  out 
with  a view  to  adapting  the-method  of  acqui- 
sition to  the  circumstances  and  to  the  train- 
ing of  the  operators. 

It  became  apparent  that  the  problem  is  not 
the  same  when  the  beacon  is  radiating  at  the 
time  the  satellite  rises  above  the  horizon  as 
when  acquisition  is  made  at  nonzero  eleva- 
tions. In  the  first  case,  acquisition  can  be 
effected  in  one  of  two  ways  : 

1.  By  the  use  of  precomputed  magnetic 
tapes  driving  the  azimuth  and  elevation 
motors  through  the  tracking  encoder;  this 
method  can  be  used  when  the  time  and  posi- 
tion information  provided  are  considered 
accurate. 

2.  By  manually  positioning  the  tracker 


antenna  in  elevation  at  0 degree  by  using 
a slow,  small-amplitude  (about  2 degrees) 
sweep  in  azimuth  about  the  calculated  posi- 
tion. This  method  has  the  great  advantage 
of  virtually  eliminating  the  time  parameter 
for  acquisition,  since  a trajectory  which  is 
correct  but  slightly  shifted  in  time  still 
permits  successful  acquisition. 

It  should  be  noted  that  acquisition  by 
slaving  to  the  command  tracker  was  not  used. 
In  the  event  that  there  is  any  doubt  about 
the  pointing  information,  the  presence  of 
the  satellite  is  confirmed  by  the  command 
tracker,  so  that  any  gross  error  is  avoided. 

In  the  second  case,  where  the  beacon  is  not 
radiating  when  the  satellite  rises,  acquisition 
is  effected  by  slaving  the  precision  tracker  to 
the  precomputed  tapes,  with  a search  in 
azimuth  and  elevation  about  this  position. 

Some  tests  were  carried  out  with  the  pre- 
cision tracker  slaved  to  the  command  tracker, 
but  because  of  the  rapid  variations  of  about 
± 5 degrees  it  was  not  possible  to  obtain 
satisfactory  results  for  elevations  below  20 
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degrees.  On  the  other  hand,  for  elevations 
near  or  above  30  degrees,  a trained  operator 
may  effect  acqtristion  by  this  mode  of  oper- 
ation. 

It  should  be  added  that  in  practice  the 
4080  Me  beacon  is  always  radiating  at  eleva- 
tions below  20  degrees. 

Acquisition  in  Frequency — When  the  satel- 
lite has  been  acquired  in  position,  the  auto- 
matic frequency  control  oscillator  of  the  4080 
Me  tracking  receiver  must  be  locked  in  phase. 
Depending  on  the  level  of  the  received  signal, 
this  operation  is  automatic  and  nearly  instan- 
taneous, or  else  it  requires  the  intervention 
of  the  operator.  Taking  into  account  Doppler 
effect,  thermal  drift  of  the  beacon,  or  any 
other  perturbation  within  the  satellite,  the 
range  of  frequencies  within  which  the  beacon 
frequency  is  found  may  be  150  kc  about  the 
nominal  value. 

The  automatic  method,  making  use  of  the 
300-output  comb  filter,  can  in  practice  be 
used  for  received  powers  at  the  parametric 
amplifiers  of  —139  dbm,  corresponding  to  a 
S/N  ratio  of  +2  db  for  the  receiver  circuit 
used.  This  mode  of  acquisition  was  always 
used  for  Relay  I,  for  which  the  range  at 
acquisition  varied  from  5000  to  12,000  km, 
corresponding  to  received  signal  levels  of 
—125  dbm  to  —132  dbm. 

In  cases  of  lower  signal  levels  (Telstar  II), 
it  is  necessary  to  have  recourse  to  a sys- 
tematic manual  acquisition  which  consists 
of  setting  the  3-kc  bandwidth  channel  of  the 
receiver  on  the  frequency  received.  Taking 
account  of  the  Doppler  frequency  data  sup- 
plied by  the  computer  center,  one  can  make 
a small-amplitude  search  about  the  predeter- 
mined frequency  and  at  the  same  time  make 
an  auditory  analysis  of  the  beat  signal;  in 
this  way  it  is  possible  to  effect  acquisition 
for  S/N  ratios  in  the  3-kc  band  as  low  as 
—8  db.  As  soon  as  frequency  acquisition  is 
achieved,  the  phase  locking  of  the  oscillator 
reduces  the  equivalent  pass  band  to  100  cps, 
reducing  the  noise  level  to  —151  dbm. 

It  should  be  noted  that  the  frequency  of 
the  4080  beacon  appeared  to  vary,  after 


allowance  for  Doppler  shift,  from  4079.730 
Me  to  4079.750  Me  for  different  passes, 
making  a variation  of  from  0 to  +20  kc  with 
respect  to  the  nominal  frequency.  These 
deviations  were  noticeable  especially  during 
the  first  six  months. 

Another  fact  of  interest  is  that  with  allow- 
ance for  refraction  at  4080  Me  (discussed 
indetail  on  page  610)  final  acquisition 
allowing  transfer  to  automatic  tracking  by 
the  precision  tracker  is  achieved  almost 
certainly  for  geometric  elevations  below  2 
degrees  for  any  of  the  methods  used,  whether 
automatic  or  manual,  always  assuming  that 
the  beacon  is  radiating  when  the  satellite 
rises. 

Tracking 

Once  the  satellite  beacon  is  acquired,  the 
accuracy  with  which  it  will  be  tracked  is  a 
function  of  random  variations  in  the  track- 
ing and  of  systematic  errors  resulting  from 
mechanical  imperfections  of  the  system. 

Random  Errors — Random  tracking  errors 
are  a function  of  both  the  elevation  above 
the  horizon  and  the  S/N  ratio  in  the  receiv- 
ing channel  after  phase  lock.  The  direction 
of  the  received  signal  is  much  less  subject 
to  perturbations  that  the  command  tracker. 
Since  the  width  of  the  antenna  lobe  is  2 de- 
grees, ground  reflections  are  appreciably 
reduced  at  low  elevation  angles.  The  accu- 
racy is  thus  about  0.2  degree  for  elevations 
below  2 degrees.  For  higher  elevations  this 
accuracy  improves  rapidly  until  at  3 degrees 
it  depends  only  on  the  S/N  ratio. 

The  fluctuations  due  to  ground  reflections 
were  detected  by  recording  on  magnetic  tape 
the  output  data  from  the  position  encoders 
and  comparing  it  to  the  theoretical  path. 
Measurement  of  tracking  characteristics  for 
elevations  above  3 degrees  was  carried  out 
through  the  use  of  the  horn  reflector  antenna 
associated  with  its  vernier  autotrack.  These 
tests  were  made  by  taking  advantage  of  the 
fact  that  the  precision  of  the  angular  meas- 
urements of  the  horn  reflector  antenna  is 
clearly  greater  than  that  of  the  precision 
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tracker.  This  difference  reflects  the  larger 
dimensions  of  the  horn  reflector  antenna  and 
the  fact  that  the  S/N  ratio  in  the  receiver 
channel  of  the  vernier  autotrack  system  is 
always  10  db  better  than  that  of  the  preci- 
sion tracker.  On  the  other  hand,  the  overall 
position  response  characteristics  of  the  two 
systems  are  essentially  comparable  in  the 
zone  used. 

With  the  horn  antenna  slaved  to  the  an- 
tenna of  the  precision  tracker  through  the 
encoders  and  digital  equipment,  the  angular 
deviation  between  the  pointing  of  the  pre- 
cision tracker  antenna  and  the  true  position 
of  the  satellite  is  measured  at  each  instant 
by  the  vernier  autotrack  circuits  operating 
in  open  loop  (see  Figure  4-4). 

Figure  4-5  reproduces  recordings  made 
with  S/N  ratios  of  27  and  12  db  for  a servo 
noise  bandwidth  of  0.2  cps.  Analysis  of  these 
results  yields  an  rms  noise 


10~4  radian  for  S/N  = 27  db 
3 X 10~4  radian  for  S/N  = 12  db 

In  the  case  of  Relay  I the  S/N  ratio  varied 
essentially  between  27  and  20  db.  It  should 
be  noted  that  these  measurements  include 
thermal  noise  as  well  as  the  resolution  of  the 
encoders  (0.5  X 104  radian)  and  the  me- 
chanical errors  about  the  given  position. 

We  have  also  shown  in  the  same  figure 
recordings  made  during  the  same  passes  of 
the  vernier  autotrack  output  errors  with  the 
vernier  autotrack  operating  in  closed  loop. 

Systematic  Errors — Systematic  errors  may 
result  from  imperfections  in  fabrication, 
from  wear  of  the  elevation  and  azimuth  drive 
mechanisms  and  their  associated  encoders, 
or  from  variations  in  the  setting  of  the 
antenna  base.  The  only  systematic  checks 
of  the  base  were  those  of  level  ; these  showed 
a piling  up  of  the  foundations  over  the  first 
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Figure  4-4. — Horn  reflector  antenna. 
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POURSUITE  - TRACQUEUR  DE  PRECISION  4080 Mhz  - 


Figure  4-5. — 4080  Me  precision  tracker  recording. 


three  months,  leading  to  an  angular  varia- 
tion of  the  reference  plane  of  0.015  degree. 
The  monthly  measurements  presently  being 
made  do  not  require  any  adjustments  of  the 
base. 

Optical  sightings  on  the  North  Star  have 
shown  that  the  calibration  of  the  encoders 
was  correct  to  within  ±0.01  degree  about 
this  position.  In  any  case,  we  were  not  able 
to  detect  any  systematic  errors  of  conse- 
quence in  relation  to  variations  in  azimuth 
and  elevation  during  the  passes  we  examined. 

Utilization 

For  all  the  operational  passes  used  at  the 
station,  the  precision  tracker  was  put  into 
operation.  The  reliability  and  accuracy  of 
this  unit,  together  with  its  relatively  wide 
field  of  acquisition  (beamwidth  of  the  an- 
tenna together  with  the  search  about  the 
computed  position),  led  us  to  consider  it  an 
element  of  operational  reliability  even  though 
not  essential  to  the  satisfactory  conduct  of 
operations. 

The  data  acquired  and  recorded  on  mag- 
netic tape  during  the  passes  was  not  used 
in  a systematic  fashion  for  the  determination 
of  orbital  parameters.  It  should  be  noted 
that  the  average  length  of  passes,  including 
the  acquisition  phase,  was  20  minutes. 

In  order  to  facilitate  use  of  the  equipment 
and  to  reduce  the  operating  personnel  of  the 
station,  we  installed  the  main  controls  of  the 


tracking  encoder  group  in  the  console  of  the 
precision  tracker  operator, 

Information  on  the  difference  between  the 
position  commanded  by  the  tape  and.  the  point- 
ing of  the  antenna  was  displayed  on  the 
central  console  of  the  station.  This  informa- 
tion, shown  on  a meter  after  conversion  into 
analog  form  and  amplification,  enables  the 
chief  of  operations  to  know  this  difference 
to  within  0.01  degree.  A time  correction 
adder  identical  to  that  used  in  the  antenna 
drive  group  in  the  lower  cabin  under  the 
radome  permits  time  corrections  to  be  made 
on  the  tape  associated  with  the  tracking 
encoder.  This  arrangement  makes  it  possible 
to  use  the  error  indications  provided  at  the 
central  console  to  optimize  the  time  and  posi- 
tion information  of  the  tape  driving  the  horn 
antenna  and  thus  facilitates  establishment 
of  the  link. 

A computer  device  which  can  be  inserted 
between  the  precision  tracker  and  the  an- 
tenna drive  group  was  designed  and  built 
at  the  station;  this  device  makes  possible 
correct  pointing  of  the  RF  beam  carrying 
the  communication  information  despite  any 
deformations  of  the  antenna,  when  the  horn 
antenna  is  directly  slaved  to  the  precision 
tracker  antenna  through  the  encoders.  The 
principle  of  operation  of  this  device  will  be 
described  on  page  610.  The  diagrams  of  the 
digital  positioning  circuits  of  the  precision 
tracker  antenna  and  of  the  communications 
antenna  are  shown  in  Figures  4-6  and  4-7. 
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Figure  4-6. — Block  diagram  of  precision  tracker  digital  positioning. 


Figure  4-7.*— Block  diagram  of  communications  antenna  digital  positioning. 
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Tests  With  the  Communications  Antenna 

Tests  made  with  the  communications  an- 
tenna concerned  the  various  possible  modes 
of  acquisition  and  tracking,  involving  meas- 
urements of  the  characteristics  of  the  antenna 
itself  in  relation  to  the  particular  conditions 
in  which  the  mission  is  being  carried  out. 
We  made  studies  of  the  following  types: 

• Radiation  patterns  of  the  horn  reflector 
antenna  in  the  reception  band  for  commu- 
nications centered  on  the  normal  4169.72  Me 
frequency  and  the  4079.73  Me  vernier  auto- 
track frequency. 

• Azimuth  errors  as  a function  of  eleva- 
tion. 

• Refraction  at  low  elevations. 

Tests  were  also  performed  to  determine 
the  slant  range  of  the  satellite  from  the  com- 
munication antenna. 

Antenna  Patterns 

These  tests  were  performed  in  order  to 
determine  the  secondary  lobes  near  the  an- 
tenna and  to  verify  that  when  the  satellite 
is  being  tracked  with  the  vernier  autotrack, 
the  pointing  corresponds  to  the  maximum  of 
radiation  at  the  communications  reception 
frequency. 

These  measurements  were  performed  while 
the  satellite  signal  was  being  received  at 
antenna  elevations  between  15  and  25  de- 
grees. These  values  are  a good  compromise, 
permitting  virtual  elimination  of  ground 
noise  so  that  the  full  sensitivity  is  available 
for  measurements;  the  “cone  effect”  is  neg- 
ligible for  the  pattern  measurement.  It  was 
not  possible  to  take  these  patterns  using  the 
simulator  on  the  boresight  tower,  because 
the  angle  at  which  the  horn  refleeter  antenna 
sees  the  simulator  is  1.35  degrees  and  ground 
effects  are  not  negligible  at  this  angle. 

Method  of  Measurement— The  satellite  is 
illuminated  by  an  auxiliary  station  radiating 
a pure  frequency.  At  Pleumeur-Bodou  the 
communications  equipment  receives  the  4170 
Me  frequency  and  the  auto-track  equipment 
receives  the  4079.73  Me  beacon  frequency. 
Because  of  the  output  power  of  the  Relay  I 


TWT,  which  provides  a signal  level  at  the 
maser  input  of  —84  dbm  at  a range  of  6000 
km,  we  could  reduce  the  receiver  bandwidth 
to  700  kc,  corresponding  to  a noise  level  of 
—126  dbm  for  a noise  temperature  of  30.5°K 
so  that  the  patterns  could  be  taken  at  —42  db 
with  respect  to  the  maximum  radiation. 

The  tracking  of  the  satellite  is  performed 
by  magnetic  tape.  Correction  for  the  rela- 
tive deviation  between  the  position  of  the 
satellite  and  the  pointing  of  the  antenna  is 
made  by  insertion  of  position  corrections  in 
the  antenna  drive  system.  The  tape  is  first 
checked  to  see  that  it  is  correct ; if  not,  fixed 
position  and  time  corrections  are  made  to 
cause  the  actual  and  computed  trajectories 
to  coincide.  This  is  a dynamic  test,  with  the 
received  signal  levels  recorded  continuously. 
The  position  change  (error)  signals  are  ap- 
plied at  a constant  rate  of  0.6576  degree/min- 
ute in  the  area  of  the  radiation  maximum  ; 
more  distant  (2  to  10  degrees)  radiation  is 
measured  at  the  rate  of  42  degrees/minute. 
The  received  signal  levels  in  both  the  vernier 
autotrack  and  communications  channels  are 
detected  by  means  of  the  previously  cali- 
brated AGO  level;  the  zero  of  the  vernier 
autotrack  corresponding  to  the  pointing  di- 
rection in  automatic  track  is  obtained  by 
recording  the  “errors”  in  the  azimuth  and 
elevation  channels.  Relative  variations  in 
distance  on  the  order  of  0.01  per  minute  are 
neglected  during  the  test.  The  power  radi- 
ated by  the  satellite  is  assumed  constant  over 
the  duration  of  a pointing  movement. 

After  each  pattern  is  taken,  the  zero  level 
at  the  radiation  maximum  is  taken  again. 
The  accuracy  of  measurement  which  depends 
on  the  precision  calibration  of  the  recording 
and  on  the  accuracy  of  reading  the  recording, 
is  on  the  order  of  ± 0.25  db. 

Results — Figures  4-8  and  4-9  show  the 
patterns  obtained  for  the  communications 
frequency.  Pointing  varied  from  — 10  to 
+ TO  degrees  from  null;  only  those  angles 
for  which  the  received  signal  level  is  detect- 
able are  plotted.  Several  sets  of  measure- 
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POINTING  ERROR,  DEG 


Figure  4-8* — Radiation  pattern,  azimuth  plane — communications  antenna. 


POINTING  ERROR,  DEG 


Figure  4-9.— Radiation  pattern,  elevation  plane — communications  antenna. 
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merits  have  permitted  establishment  of  half- 
power widths. 

a.  Elevation  variable,  zero  azimuth  point- 
ing error.  Allowing  for  the  recording  and 
readout  accuracy  of  ± 0.25  db,  the  beamwidth 
for  three  different  tests  was  found  to  be : 

0.208  < 3 db  BW,  deg  < 0.225 
0.208  < 3 db  BW,  deg  < 0.23 
0.205  < 3 db  BW,  deg  < 0.225 

Taking  the  mean  value,  we  obtain 

3 db  beamwidth  = 0.215  degree 

b.  Azimuth  variable,  elevation  pointing 
error  zero.  As  above,  for  three  different  tests 
we  found: 

0.235  < 3 db  BW,  deg  < 0.25 
0.235  < 3 db  BW,  deg  < 0.25 
0.241  < 3 db  BW,  deg  < 0.26 

The  mean  value  is : 

3 db  beamwidth  — 0.245  degree 

Comparison  of  the  commanded  null  of  the 
vernier  autotrack  with  the  maximum  radia- 
tion shows  that  within  the  accuracy  of  meas- 
urement these  two  points  coincide.  Figure 
4-10  shows  the  patterns  as  seen  by  the  x and 
y channels  of  the  vernier  autotrack.  The 
range  of  measurement  was  limited  to  15  db 
by  the  signal  strength  and  sensitivity  of  the 
equipment. 

The  patterns  taken  at  the  4080  Me  fre- 
quency differ  appreciably  from  those  taken 
at  4170  Me.  This  difference  corresponds  to 
a slight  misadjustment  of  the  hyperfre- 
quency circuits,  involving  inadequate  decou- 
pling of  the  TM01  and  TE11  channels.  The 
low  amplitude  of  this  perturbation  affects 
in  no  way  the  overall  operation  of  the  system. 

Study  of  Azimuth-Elevation  Coupling 

After  the  first  month  of  operation  of  the 
station,  it  appeared  that  there  was  a sys- 
tematic azimuth  error  when  the  elevation 
was  above  the  horizon.  A verification  test 
performed  by  calibration  on  the  stars  indi- 
cated an  error  of  about  0.20  degree  for  an 
elevation  of  62  degrees.  A series  of  meas- 
urements was  then  taken  to  plot  the  curve  of 
azimuth-elevation  coupling,  with  a view  to 


introducing  a distortion  correction  in  the 
drive  tapes  of  the  communications  antenna. 

The  method  used  consisted  of  tracking  the 
satellite  separately  with  the  precision  tracker 
and  the  large  antenna,  with  the  position  of 
the  latter  controlled  by  the  vernier  auto- 
track. The  positions  were  recorded  during 
the  entire  pass,  and  the  data  was  compared 
later.  The  information  obtained  in  this  way, 
together  with  star  calibrations  and  the  pre- 
computed satellite  trajectories,  enabled  us  to 
plot  a curve  showing  the  azimuth  errors  as 
a function  of  elevation.  Tests  carried  out 
for  different  azimuths  showed  that  this  law 
of  variation  remains  valid  for  all  azimuths. 
(See  Figure  4-11). 

Results:  A first  series  of  tests  performed 
up  to  15  December  1962  enabled  us  to  estab- 
lish the  following  relation:  tan  az  = 1/570 
tan  el  (See  Figure  4-11)  which  is  eqi valent 
to  the  variation  resulting  from  the  radia- 
tion from  the  antenna  in  a plane  shifted  0.1 
degree  from  the  perpendicular  to  the  axis 
of  rotation  in  elevation.  A check  of  the  an- 
tenna structure  did  not  reveal  any  error  of 
this  order,  but  revealed  that  a very  large 
percentage  of  the  structure  bolts  were  loose, 
resulting  in  excessive  deformation  as  a func- 
tion of  variations  in  elevation. 

A general  overhaul  of  the  structure  was 
carried  out  in  April  1963.  Using  the  Relay 
I satellite,  a systematic  study  was  then  made 
to  define  the  new  law  of  variation.  It  was 
possible  to  perform  these  measurements 
between  0 and  80  degrees : higher  elevations 
were  never  reached  with  the  satellite  repeater 
radiating.  Mathematical  analysis  of  these  re- 
sults permitted  us  to  derive  an  azimuth  cor- 
rection to  be  applied  to  the  antenna  as  a func- 
tion of  elevation.  This  correction  has  the 
form 

az  = — 0.06 1 — =-  — 1 ) —0.05  sin  el 
\ cos  el  I 

These  corrections  are  systematically  ap- 
plied to  the  drive  tape  of  the  antenna  and 
added  in  the  digital  azimuth  information 
equipment. 

This  law  of  variation  may  be  compared 
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Figure  4-10,—Vernier  autotrack  receiver  levels. 
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with  that  provided  to  us  by  BTL  and  used 
on  the  Andover  antenna  (tracking  program 
document,  October  15,  1962 — Program  De- 
scription) : 

az  — —0.0866  (-Hsbr- 1-002442) 

-0.02135  (sin  el  - 0.697565) 

= —0.0866 

Note : This  azimuth  correction  is  to  be  ap- 
plied to  the  “apparent  width”  of  the  radia- 
tion pattern  for  a rotation  in  a horizontal 
plane;  for  each  value  of  the  elevation  the 
“apparent  width”  of  the  pattern  is,  because 
of  the  coning  effect,  equal  to  the  actual  width 
of  the  pattern  (0.23  degree  at  3 db)  multi- 
plied by  1/cos  el. 

In  the  present  case,  if  no  correction  terms 
are  introduced  into  the  antenna  drive  equip- 
ment the  communication  link  loss  remains 
less  than  1 db  for  any  elevation. 

Because  of  this  coupling  there  appeared  to 
be  some  difficulty  associated  with  slaving  the 
antenna  directly  to  the  precision  tracker, 
since  the  positions  indicated  by  the  encoders 
of  the  two  antennas  did  not  have  the  same 
value  while  the  satellite  was  being  tracked. 
We  therefore  assembled  a computer  which 
would  provide  for  making  this  correction 
between  the  encoders  of  the  precision  tracker 
and  the  antenna  drive  group. 

The  purpose  of  this  device,  which  was 
mounted  in  available  racks  in  the  tracking 
encoder  unit,  is  to  provide  automatic  correc- 
tion by  means  of  a wired  program  which 
determines  the  value  to  be  added  to  the 
azimuth  information: 

az  — —a( — — — — 1 ] — b sin  el 
\ cos  el  I 

with  a = 0.06  and  b — 0.05,  which  corre- 
sponds to  measurements  made  for  values  of 
elevation  up  to  85  degrees. 

The  series-type  computer  calculates  the 
successive  powers  of  the  elevation,  expressed 
in  radians,  up  to  the  seventh  term.  It  then 
modifies  these  terms  as  a function  of  the 
coefficients  a and  b and  then  adds  the  partial 
results.  A complete  cycle  is  performed  in  one 
sixty-fourth  of  a second. 


The  polynomial  selected  is  of  the  form 

5 , . b 6 45a  „ . b 

az  —-—lax  4-—  x3  — ——a:5  — =rr-x6  4--— x1 

3 6 120  720  ^ 7040 

The  deviations  between  this  function  and 
the  theoretical  one  are  always  lower  than 
the  noise  in  the  information  provided  by  the 
precision  tracker. 


Study  of  Refraction 

Since  the  satellite  is  commanded  from  the 
Nutley  station,  the  relative  positions  of  the 
Pleumeur  - Bodou  and  Nutley  stations  and 
the  direction  of  motion  of  the  satellite  are  such 
that  the  satellite  TWT  is  very  often  already 
operating  at  the  time  the  satellite  rises  above 
the  theoretical  horizon  at  Pleumeur-Bodou. 
The  advantageous  position  of  the  station,  for 
which  the  proximity  of  the  ocean  makes  the 
theoretical  horizon  coincide  with  the  real 
horizon  in  many  directions,  has  enabled  us 
to  perform  tests  on  the  refraction  of  signals 
at  low  elevations.  These  measurements  were 
made  at  frequencies  near  4000  Me. 

Many  passes  were  used  for  these  tests.  It 
is  noteworthy  that  no  appreciable  variation 
in  the  results  was  observed  with  respect  to 
the  seasons.  This  stability  must  be  consid- 
ered to  result  from  the  proximity  of  the  sea 
over  which  the  satellite  rises  and  the  small 
climatic  variation  of  the  region. 

Two  test  methods  were  selected  : 

1.  For  elevations  above  1 degree,  we  used 
magnetic  tape  recordings  of  antenna  posi- 
tions during  automatic  tracking  of  the 
satellite.  This  procedure  requires  the  close 
attention  and  skill  of  the  operators  because 
of  the  fluctuation  of  received  signal  levels  up 
to  elevations  of  3 degrees.  The  resulting  in- 
formation, corresponding  to  the  apparent 
elevations,  is  later  compared  to  the  geomet- 
rical elevations  of  the  theoretical  pass,  re- 
constructed from  trajectory  readouts  during 
the  entire  pass. 

This  reconstruction  of  the  trajectory  was 
especially  easy  for  Relay  I,  since  the  com- 
puted trajectories  were  very  close  to  the 
actual  trajectory.  The  accuracies  obtained 
after  reconstruction  were  of  the  order  of 
0.01  degree. 
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2.  For  elevations  below  1 degree,  the  an- 
tenna is  preset  in  elevation  to  the  value 
selected  for  the  measurement  and  is  servoed 
in  azimuth  to  the  tape.  Because  of  this  latter 
condition,  an  attempt  is  made  to  select  a 
pass  for  which  the  azimuth  varies  only 
slightly  with  time,  in  order  to  eliminate  any 
time  error  in  pointing.  When  the  satellite 
rises,  the  time  of  passage  across  the  antenna 
lobe  prevents  determination  of  the  geomet- 
rical elevation  corresponding  to  this  appar- 
ent elevation. 

Both  methods  enabled  us  to  plot  point  by 
point  the  correction  curve  for  refraction  as 
a function  of  geometrical  elevation  (see  Fig- 
ure 4-12).  This  law  of  variation  enabled  us, 
once  it  had  been  introduced  into  the  program 
for  producing  the  antenna  drive  tapes,  to 
acquire  the  satellite  at  apparent  elevations 
of  0.2  degree,  corresponding  to  a geometrical 
elevation  of  —0.6  degree.  This  acquisition 
does  not  assure  the  quality  of  the  commu- 
nication link,  which  is  subject  to  large  varia- 
tions in  level  at  these  low  elevations. 

We  have  plotted  on  the  same  figure  the 
following  three  curves: 

1.  The  law  of  light  refraction 

2.  The  law  in  (n—  1)  cot  el,  with  (n  — 1) 
= 3.3  X 10-4 

3.  The  law  as  plotted  at  Pleumeur-Bodou 
for  4000  Me. 


Analysis  of  these  results  shows  the  fol- 
lowing : 

1.  The  refraction  measured  at  4000  Me, 
slightly  greater  than  light  refraction  up  to 
3 degrees,  is  clearly  greater  for  lower  angles, 
reaching  a limit  of  1.05  degree  for  0.55  de- 
gree elevation. 

2.  The  measured  refraction  law  coincides 
with  the  law  in  (n  — 1)  cot  el  with  (n — 1) 
=1/3000  for  angles  greater  than  7 degrees. 

3.  Use  of  the  (n  — 1)  cot  el  law  limited  to 
the  value  el  = 3 degrees  corresponds  for  the 
rise  of  the  satellite  to  an  error  of  0.6  degree, 
delaying  acquisition  with  tapes  which  have 
been  calculated  with  allowance  for  this  infor- 
mation. 

Range  Measurements 

The  theory  of  the  method  used  to  measure 
ground  antenna  to  satellite  range  is  that 
from  a knowledge  of  the  propagation  velocity 
of  electromagnetic  waves  in  the  atmosphere 
and  the  propagation  times  in  the  various 
items  of  equipment  used  one  can  determine 
the  range.  This  is  done  by  measuring  the 
time  required  for  a signal  transmitted  by  the 
ground  station  to  return  to  the  same  station 
after  frequency  conversion  by  the  satellite. 

Measurement  Setup  — In  addition  to  the 
station  transmitting  and  receiving  equip- 
ment, the  measuring  equipment  includes  a 


Figure  4-12. — Tropospheric  refraction. 
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pulse  generator  and  a time  measuring  device 
(Figure  4-13) . The  pulse  generator  receives 
pulses  from  the  station  dock  (pulse  frequency 
1 cps,  pulse  width  0.5  sec)  and  provides 
pulses  of  the  same  frequency  with  a 3-volt 
amplitude  and  adjustable  width.  The  pulse 
width  adopted  for  the  measurement  is  500 
microseconds  with  a rise  time  of  0.06  micro- 
second. Each  pulse  is  fed  both  to  the  trans- 
mitter modulator  and  to  one  of  the  inputs 
of  time  measuring  unit. 

The  equipment  operates  as  follows : a pulse 
applied  to  one  of  the  inputs  (“start”)  starts 
the  counter,  which  stops  when  a second  pulse 
reaches  the  other  input  “(stop”).  The 
counter  measures  the  time  separating  the 
two  pulses.  The  precision  of  the  unit  is  0.1 
microsecond.  The  pulse  fed  to  the  transmit- 


ter modulator  reappears  after  going  through 
the  satellite  at  the  receiver  output  At  seconds 
later  and  stops  the  counter,  which  then  in- 
dictates the  value  of  this  At. 

The  results  of  the  measurement  were  auto- 
matically recorded  by  a printer  which  records 
the  values  shown  by  the  counter  as  well  as 
the  time  each  pulse  leaves  (every  second  on 
the  second). 

Measurements — The  general  expression 
giving  the  ground-to-satellite  range  must  take 
into  account  the  following: 

1.  The  velocity  of  electromagnetic  waves 
in  free  space.  The  velocity  used  is  taken 
equal  to  the  velocity  of  light : 

C = 299,792.5  ± 0.4  km/sec 
This  is  a figure  arrived  at  after  a series  of 


TIME  MEASUREMENT 


Figure  4-13* — Block  diagram  of  range  measuring  equipment. 


TESTS  WITH  RELAY  I AT  PLEUMEUR-BODOU  SPACE  COMMUNICATIONS  STATION 


613 


tests  on  reconstructed  trajectories  for  Relay  I. 

2.  The  propagation  time  in  the  equipment. 
A satellite  simulator  in  the  boresight  tower, 
at  a known  distance  of  6344.4  m from  the 
center  of  the  antenna  taken  as  a reference, 
permits  determination  of  the  propagation 
time  in  the  set  of  equipment  being  used  in 
relation  to  the  theoretical  time  required  to 
traverse  the  same  distance  at  the  velocity  of 
propagation  of  electromagnetic  waves.  We 
assume  in  addition  that  the  propagation  time 
within  the  satellite  is  identical  to  that  in  the 
corresponding  simulator. 

We  therefore  have: 

. j.  + 2d 
a C0  = Vm 

V 

where 

At0  = Total  propagation  time  in  the  equip- 
ment 

tm  = Measured  time 
d = Reference  distance 
v = Propagation  velocity 

For  Project  Relay  and  the  frequency  com- 
pression demodulator  this  yields 

At0  = 44.1  — 42.3  = 1.8  microseconds 

3.  The  difference  between  the  time  re- 
corded and  the  time  of  measurement.  Since 
A t is  the  time  required  by  the  signal  to  make 
the  round  trip  from  antenna  to  satellite  to 
antenna,  this  difference  is  At.  Allowing  for 
the  radial  velocity  of  the  satellite  with  respect 
to  the  station,  the  correction  term  to  be  in- 
troduced into  the  range  measurement  because 
of  this  time  difference  will  be 

dD  At 

dt  ’ 2 

4.  The  variation  of  the  signal  propagation 
velocity  with  respect  to  that  existing  in  space 
and  the  curvature  of  the  signal  in  the  atmos- 
phere. The  cause  of  these  phenomena  is  the 
variation  in  the  index  of  refraction  of  the 
atmosphere.  Using  the  1620  computer,  we 
undertook  a theoretical  study  giving  the  devi- 
ation between  the  apparent  measured  dis- 
tance and  the  actual  distance. 

In  making  this  study  we  assumed  the  fol- 
lowing expression  as  characterizing  the  law 


of  variation  of  the  index  of  refraction  as  a 
function  of  altitude  from  the  ground  : 

n(h)  = 1 + (no  - 1)  e - 0.135  h 

for 

(ik  - 1)  = (77.6  J + 3.73  X 10 "-frff )X  10"6 
where 

p = Atmospheric  pressure  in  millibars 
T = Absolute  Temperature,  degrees  K 
Es  = Saturated  vapor  pressure  at  tempera- 
ture T 

U = Relative  humidity 
h = Altitude  in  km 

The  results  of  this  calculation  are  plotted  in 
Figure  4-14. 

Results:  Taking  into  account  the  above 
considerations,  we  can  write 

B=4-C(a*-a*o)  - -4S-  • -4r—  •(.) 

2 dt  2 

where 

R = Antenna  to  satellite  range 
C = Propagation  velocity  of  electro- 
magnetic waves 
t = Measured  time 

to  — Propagation  time  within  the  equip- 

ment 

dD/dt  = Radial  velocity  of  the  satellite 
€(„)  — Range  correction  as  a function  of 

the  index  of  refraction  (Figure 
4-14) 

The  estimated  accuracy  of  such  a meas- 
urement appears,  on  the  basis  of  an  error 
calculation,  to  be  on  the  order  of  a few  tens 
of  meters. 

Figures  4-15  and  4-16  show  curves  plot- 
ted on  passes  903  and  2669  of  Relay  I.  The 
deviations  between  the  measured  range  and 
the  range  calculated  from  the  theoretical 
trajectory  enable  us  to  conclude,  after  a com- 
parison with  the  radial  velocity  of  the  satel- 
lite, that  the  time  error  is  0.5  sec  in  one  case 
and  2 seconds  in  the  other.  A reconstruction 
of  the  trajectory  performed  from  precision 
tracker  data  confirms  this  deviation. 
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Figure  4-14. — Deviation  between  the  apparent  distance  Da  and  the  geometrical  distance  d . 


Method  of  Acquisition  and  Tracking 

This  section  summarizes  the  experience  we 
have  acquired  which  enables  us  to  define  a 
general  mode  of  operation  suitable  for  the 
various  circumstances  which  may  occur. 

Acquisitions — During  the  phase  of  waiting 
for  the  satellite  to  rise,  or  in  case  the  beacon 
is  not  radiating  when  the  satellite  rises,  for 
the  beacon  to  be  turned  on,  the  antenna  is 
driven  by  the  precomputed  tape  prepared 
from  the  data  received  from  Goddard  Space 
Flight  Center  in  the  form  of  topocentric 
XYZ  coordinates  and  transformed  by  the 
Pleumeur-Bodou  computing  center  into  az-el- 
range  coordinates. 

During  the  133  passes  conducted  with 
Relay  I,  with  the  exception  of  the  very  first 
days  of  the  satellite  life  in  orbit,  it  has  ap- 
peared that  the  accuracy  of  the  received 
data  is  always  better  than  ±0.05  degree; 
this  error  is  generally  eliminated  by  the  in- 


sertion of  time  corrections  on  the  tape.  These 
corrections  are  never  greater  than  3 seconds 
and  are  generally  about  1 second. 

On  the  other  hand,  the  “mean  orbital  pa- 
rameters” determined  by  NASA  do  not  allow 
us,  with  the  machine  programs  in  our  pos- 
session, to  drive  the  antenna  in  a usable 
fashion;  the  results  of  the  computation  are 
not  close  enough  to  the  actual  positions. 

The  criterion  of  acquisition  is  the  phase 
lock  of  the  frequency  drive  oscillator  in  the 
vernier  autotrack  receiver,  assuming  satis- 
factory operation  of  the  system  as  a whole. 
There  are  two  ways  in  which  this  acquisition 
can  be  effected : 

1.  The  precision  tracker  acquires  the  satel- 
lite first,  and  transfers  to  automatic  track. 
The  delay  in  acquisition  by  the  horn  antenna 
may  arise  either  from  a poor  frequency  in 
the  phase  lock  oscillator  of  the  vernier  auto- 
track receiver  or  from  drive  tape  data  which 
does  not  correspond  to  adequate  pointing  ac- 
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Figure  4-15. — Relay  revolution  903— range 
measurement. 


curacy  for  the  antenna.  In  either  case,  the 
oscillator  does  not  lock  on  in  phase. 

The  chief  of  operations  can  determine 
which  of  these  errors  is  involved  by  looking 
at  the  AGC  level  of  the  communications  re- 
ceiver, as  displayed  on  the  central  console. 
Two  actions  are  taken: 

(a)  The  vernier  auto  track  transfers  to 
frequency  servo  on  the  precision  tracker 

(b)  The  error  between  precision  tracker 
and  tape,  displayed  on  the  console,  is  reduced 
as  much  as  possible  by  insertion  of  time  cor- 
rections. 

If  after  these  two  steps  are  taken  the  satel- 
lite still  has  not  been  acquired,  and  if  the 
elevation  of  the  satellite  is  greater  than  2 
degrees,  the  horn  antenna  is  slaved  to  the 
precision  tracker.  The  2 degree  limit  reflects 
the  fact  that  below  this  elevation  the  oscilla- 
tions of  the  precision  tracker  do  not  permit 
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Figure  4-16. — Relay  revolution  2669 — range 
measurement. 
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extended  slaving  of  the  horn  reflector  antenna 
to  the  precision  tracker.  With  this  arrange- 
ment, acquisition  is  normally  effected  very 
quickly. 

2.  The  satellite  is  acquired  by  the  vernier 
autotrack  first  or  simultaneously  with  the 
precision  tracker.  In  this  case  the  tracking 
mode  starts  immediately. 

It  should  be  noted  that  acquisition  by 
spiral  scan  about  the  position  given  by  the 
tapes  has  never  been  used.  Use  of  this  mode 
of  operation  assumes  that  the  precision 
tracker  has  not  acquired,  and  results  in  a 
simultaneous  search  in  frequency  and  posi- 
tion. Considering  the  spiral  scan  rates  and 
the  range  of  frequencies  to  be  explored,  the 
problem  is  virtually  insoluble. 

Tracking— As  soon  as  the  satellite  beacon 
is  acquired  in  frequency,  the  method  gener- 
ally used  is  transfer  to  the  tracking  mode 
called  VAT  3.  In  this  mode  the  antenna  is 
slaved  directly  to  the  satellite  without  the 
tapes  in  the  servo  loop.  It  is  therefore  pos- 
sible to  compare  the  pointing  data  for  the 
satellite  with  the  tape  data  and  to  apply  time 
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and  position  corrections  to  make  them  identi- 
cal. Once  this  is  done  it  is  possible  to  remain 
in  this  tracking  mode  or  to  use  mode  VAT  1, 
which  makes  use  of  both  the  tape  data  and 
the  pointing  errors  provided  by  the  vernier 
autotrack.  This  mode  has  the  advantage  of 
greater  reliability,  since  any  interruption  of 
reception  by  the  vernier  autotrack  does  not 
interrupt  tracking ; the  tracking  continues  as 
commanded  by  the  updated  tapes. 

In  practice,  both  modes  (VAT  1 and  VAT 
3)  were  used  during  the  Relay  tests  without 
any  loss  of  the  satellite  being  attributable 
to  them. 

Tracking  by  means  of  direct  slaving  of  the 
antenna  to  the  precision  tracker  was  used 
by  way  of  test.  This  method  gave  very  good 
results  after  insertion  of  the  antenna  distor- 
tion computer  described  on  page  610.  The 
oscillations  introduced  by  the  tracking  noise 
in  the  precision  tracker  (see  Figure  4-5) 
do  not  result  in  any  fluctuation  in  the  com- 
munication signal,  since  the  angular  devia- 
tions are  comparable  to  the  3-db  width  of  the 
lobe  (0.23  degree) . This  tracking  mode  may 
on  occasion  be  used  in  a case  where  the  drive 
tapes  have  not  yet  been  prepared,  although 
the  satellite  has  been  acquired  by  the  pre- 
cision tracker.  In  order  to  facilitate  the  tests, 
the  circuits  of  the  antenna  drive  group  were 
modified  to  provide  for  insertion  of  position 
corrections  between  the  precision  tracker 
encoders  and  the  horn  antenna. 

Makeup  of  the  Operating  Crew — During 
the  operational  periods  corresponding  to 
satellite  passes  and  the  one-hour  period  pre- 
ceding each  pass,  the  antenna  drive  is  manned 
by  the  following  crew: 

• One  technician  at  the  command  tracker 
(if  telemetry  data  are  taken) 

• One  technician  at  the  precision  tracker 

• One  technician  at  the  vernier  autotrack 

• One  technician  at  the  servo  group 

• One  operator  at  the  computing  center 

• One  digital  circuit  technician  able  to 
work  on  both  the  precision  tracker  and  com- 
munications antenna  circuits. 


The  antenna  drive  crew  is  supervised  from 
the  central  console  (G.S.C.C.)  by  the  chief 
of  operations. 

Conclusion 

All  the  above  tests  have  shown  that  the 
acquisition  of  the  satellite  is  nearly  certain 
and  that  subsequent  tracking  is  such  that 
communication  links  can  be  established  and 
tests  performed  with  them  with  no  difficulties 
attributable  to  pointing  errors.  In  particular, 
the  tests  have  shown  that  it  would  be  pos- 
sible to  reduce  the  amount  of  equipment  and 
the  computation  time,  while  using  only  pres- 
ent techniques,  by  making  use  of  the  vernier 
autotrack  associated  with  a rendezvous  tech- 
nique. With  this  technique  it  would  be  neces- 
sary to  compute  only  the  position  of  acquisi- 
tion of  the  satellite,  with  the  digital  antenna 
drive  equipment  commanding  the  appropriate 
position  and  the  vernier  autotrack  automat- 
ically taking  over  tracking  as  soon  as  the 
satellite  is  acquired. 

In  the  case  of  a stationary  or  nearly  sta- 
tionary satellite,  the  use  of  the  vernier  auto- 
track as  the  main  element  of  the  antenna 
drive  would  probably  have  to  be  re-examined. 

With  well  trained  personnel  who  are  famil- 
iar with  the  equipment,  it  is  possible  to  cope 
with  any  slight  incidents  which  might  occur 
during  satellite  passes  without  interrupting 
the  link,  by  making  appropriate  use  of  the 
various  circuits  for  pointing  the  antenna  in 
the  direction  of  the  satellite. 

COMMUNICATIONS  TESTS 

The  Pleumeur-Bodou  station  utilized  113 
passes  of  the  Relay  I satellite  for  commu- 
nication tests  during  the  period  from  the 
launch  of  the  satellite  (14  December  1962 
to  15  December  1963).  Tests  of  a technical 
nature  were  made  during  74  of  the  passes. 
In  most  of  the  cases  the  satellite  was  used 
in  loop  tests,  where  the  station  received  back 
the  signal  it  had  transmitted.  Such  tests  are 
nearly  identical  to  straightaway  tests,  and 
much  easier  to  perform.  In  the  course  of 
some  of  these  tests,  however,  the  Pleumeur- 
Bodou  station  worked  in  collaboration  with 
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the  Andover,  Nutley,  or  Rio  stations.  Sys- 
tem tests  or  demonstrations  were  carried  out 
on  51  additional  passes,  with  some  technical 
tests  accompanying  or  preceding  the  system 
test  or  demonstration  on  these  passes  as  well. 

The  technical  tests  concerned  measure- 
ments of  received  signal  power,  receiving 
system  noise,  noise  in  the  communications 
channel,  and  distortions  of  the  received  sig- 
nal. Some  measurements  were  also  made  of 
the  effects  which  are  peculiar  to  satellite 
communications.  We  will  conclude  with  a 
description  of  some  of  the  system  tests. 

Received  Carrier  Power 

The  power  level  of  the  received  signal  was 
systematically  measured  during  each  pass 
used  for  tests.  The  measurement  was  made 
by  recording  the  circuit  variations  in  the 
receiver  AGC.  The  measurement  was  cali- 
brated prior  to  each  pass  by  applying  to  the 
receiver  input  a signal  of  known  power  sup- 


plied by  a hyperfrequency  generator.  The 
absolute  accuracy  is  ± 1 db. 

The  results  of  these  measurements  were 
compared  with  values  calculated  from  the 
range  of  the  satellite.  The  following  mean 
values  were  used  in  the  calculations : 

• Level  of  signal  radiated  by  the  satellite : 
40  dbm  for  a one-way  link,  37  dbm  for  a 
two-way  link 

• Satellite  antenna  gain,  0 db 

• Station  antenna  gain  at  4170  Me,  58  db 

• Receiving  system  attenuation,  0.4  db 

The  recordings  of  received  carrier  power 

enabled  us  to  study  both  the  mean  value  and 
the  fluctuations  of  this  parameter. 

Mean  Valve  of  Received  Carrier  Power 

Figures  4-17  and  4-18  show  typical  ex- 
amples of  the  results  for  one-way  and  two- 
way  links.  The  mean  value  of  received 
carrier  power  is  plotted  as  a function  of 
satellite  range,  together  with  the  theoretical 


ONE-WAY  LINK 


Figure  4-17.— Received  carrier  power  at  maser  input,  one-way  link. 
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TWO-WAY  LINK 


curve.  The  calculated  values  do  not  allow 
for  variation  of  the  satellite  antenna  gain 
as  a function  of  look  angle  (the  angle  made 
by  the  satellite  spin  axis  with  the  direction 
of  the  station),  nor  for  the  smaller  varia- 
tions in  the  output  power  of  the  satellite 
TWT.  Good  agreement  can  be  seen  between 
the  theoretical  and  experimental  results. 

Fluctuations  in  the  Received  Carrier  Power 

One  cause  of  large  fluctuations  in  the  re- 
ceived carrier  power  is  the  rotation  of  the 
satellite  on  its  axis,  combined  with  the  irreg- 
ularity of  its  radiation  pattern.  This  rota- 
tion, however,  does  not  explain  adequately 
the  very  large  variations  noted  at  low  eleva- 
tions (Figure  4-19).  We  believe  that  in  this 
case  the  observed  fluctuations  are  due  to  mul- 
tipath propagations  caused  by  rapid  changes 
in  the  homegeneity  of  the  atmospheric  layers 
traversed  by  the  signal  as  well  as  by  reflec- 
tion of  the  signal  from  the  ground  at  points 


near  the  antenna,  where  the  radiation  lobes 
are  not  yet  formed.  Figure  4-20  is  a repro- 
duction of  a recording  of  received  carrier 
power  made  with  a high  paper  speed  on  the 
recorder;  the  elevation  of  the  antenna  was 
great  enough  so  that  only  fluctuations  due  to 
the  spin  of  the  satellite  appear.  From  this 
recording  one  can  deduce  that  the  spin  rate 
of  the  satellite  at  that  time  was  2.6  rps. 
The  fluctuations  can  be  seen  to  be  large,  on 
the  order  of  3 db,  and  to  have  an  apparent 
period  twice  that  of  the  satellite  spin  rate. 
This  is  in  agreement  with  the  effect  that 
could  have  been  predicted  from  examination 
of  the  satellite  antenna  pattern  taken  before 
launch. 

Noise  Temperature  of  the  Receiving  System 

Measurement  of  the  noise  temperature  of 
the  receiving  system  is  performed  at  a point 
after  the  maser  amplifier  and  the  first  IF 
stages.  The  noise  contributed  by  the  equip- 
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Figure  4-19. — Recording  of  received  carrier  power, 
pass  548. 


ment  downstream  of  this  point  may  be  con- 
sidered negligible  ; it  will  be  seen  later  that 
this  is  not  always  the  case,  and  that  some 
parts  of  the  baseband  equipment  are  re- 
sponsible for  a significant  part  of  the  noise 
affecting  the  demodulated  signal.  This  noise, 
however,  is  in  equipment  which  is  not  pecu- 
liar to  satellite  communications  and  could  be 
made  negligible  by  improvements  to  the 
equipment. 

The  noise  measurement  is  performed  by 
determining  the  difference  in  power  level  of 
the  noise  contributed  by  the  receiving  equip- 
ment alone  and  the  receiving  equipment  plus 
a known  source  of  noise.  A calibrated  white 
noise  generator  is  coupled  in  at  the  maser 
input  to  provide  the  second  measurement. 
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Figure  4-20. — High-speed  recording  of  received 
carrier  power,  pass  548. 

The  presence  of  the  satellite  is  not  required 
for  this  measurement;  it  is  performed  be- 
fore and  after  each  pass  utilized  and  each 
time  the  receiving  system  is  ready  for  oper- 
ation. 

At  the  time  of  publication  of  the  results 
of  tests  made  with  Telstar  I we  gave  some 
statistical  data  on  the  noise  temperature 
measured  at  the  zenith.  In  the  present  re- 
port this  information  is  supplemented  by 
results  from  tests  with  Relay  I.  The  data 
is  based  on  487  measurements  performed 
during  the  period  1 September  1962  to  28 
November  1963.  The  data  obtained  in  July 
and  August  1962  has  been  excluded,  because 
the  precision  of  those  measurements  is  poorly 
defined. 

It  can  be  seen  from  Figure  4-21  that  the 
great  majority  of  receiver  noise  tempera- 
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tures  at  the  zenith  are  in  the  vicinity  of 
33  °K,  but  that  a much  smaller  grouping  of 
measurements  falls  between  50  and  60  °K. 
These  two  points  of  concentration  of  meas- 
urements correspond  respectively  to  the  case 
of  a dry  radome  and  the  case  of  a wet 
radome.  Finally,  a small  number  of  meas- 
urements are  above  70  °K  and  appear  to 
correspond  to  very  unusual  weather  condi- 
tions such  as  heavy  rain  or  snow. 

The  distribution  curve  was  also  plotted, 
as  shown  in  Figure  4-22.  It  is  seen  that  the 
mean  value  is  33  °K,  that  in  85  percent  of 
the  cases  the  noise  power  deviates  by  less 
than  1 db  from  the  mean  values,  and  that  in 
99  percent  of  the  cases  it  deviates  by  less 
than  4 db. 

Noise  in  the  Communication  Channel 

Since  a low  noise  level  is  required  if  a 
communication  channel  is  to  be  of  sufficiently 
good  quality,  we  determine  the  spectrum  as 
well  as  the  effect  of  noise  in  the  telephone 
channels  and  in  the  video  and  audio  channels 
of  the  television  signal. 

Analysis  of  Noise  in  the  Communications  Channel 

The  analysis  of  noise  as  a function  of  fre- 
quency in  the  communications  channel  is 
performed  with  a selective  analyzer  having 
an  equivalent  pass  band  of  4 kc.  Figure  4-23 
shows  the  noise  power  level  as  a function  of 
frequency  at  a zero  relative  level  point, 
corresponding  to  an  effective  frequency 
deviation  of  675  kc  for  the  satellite-ground 
link  per  4-kc  channel.  We  have  plotted  both 
the  measured  level  of  the  signal  and  the 
theoretical  straight  line  (broken  line  on  the 
graph)  corresponding  to  a triangular  noise 
spectrum  computed  from  the  measured 
values  of  received  power  and  noise  temper- 
ature. We  have  also  plotted  on  the  same 
graph  the  same  curves  for  the  link  formed 
by  a loop  on  the  satellite  simulator  (dashed 
lined).  In  this  latter  case  the  agreement 
between  measured  and  theoretical  values  is 
excellent;  for  the  satellite  loop  a triangular 
noise  is  still  observable,  but  the  measured 
noise  power  is  about  3 db  above  the  theo- 


retical value  (noise  contributed  by  the 
ground-satellite  direction  is  not  taken  into 
account) . 


Figure  4-21,— Distribution  of  noise  temperatures  at 
the  zenith  over  487  measurements  made  from 
1 Sept,  62  to  28  Nov.  63. 


FRACTION  OF  THE  NUMBER  OF  MEASUREMENTS  FOR  WHICH  THE 
NOISE  TEMPERATURE  IS  LESS  THAN  THE  INDICATED  VALUE 

Figure  4-22.— Distribution  of  noise  temperatures 
measured  at  the  zenith  (September  1962  to  Novem- 
ber 1963). 


RELATIVE  NOiSE  LEVEL,  DB 
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Figure  4-23. — One-way  wideband  link-analysis  of  baseband  noise  (at  classical  demodulator  output) . 


For  the  low  frequencies  there  is  an  in- 
crease in  noise  with  respect  to  the  theoretical 
curve  which  is  due  to  the  equipment;  for 
these  low  frequencies  the  modulation  gain 
is  such  that  the  portion  of  the  noise  created 
before  demodulation  becomes  negligible  in 
comparison  to  the  noise  of  the  baseband 
equipment.  Beyond  about  6 Me  the  noise 
power  decreases  because  of  limiting  of  the 
pass  band.  In  this  connection  it  should  be 
noted  that  the  measurement  was  made  di- 
rectly at  the  output  of  a classical  demodu- 
lator. The  same  measurement  repeated  at  a 
telephony  test  point  in  the  central  building 
showed  that  the  3-db  pass  band  after  the 
signal  entered  the  baseband  equipment  and 
the  connecting  cable  was  reduced  to  about 
4 Me.  The  connecting  cable  is  not  equalized 
beyond  3 Me. 

Noise  in  the  Telephone  Channels 

Telephone  Channel  Noise  for  One-Way 
Links — From  the  above-described  measure- 


ments, made  at  a telephony  test  point,  it  is 
possible  to  plot  the  curve  representing  the 
unweighted  signal-to-noise  ratio  in  a 4-kc 
telephone  channel  as  a function  of  the  center 
frequency  of  the  given  channel  (Figure 
4-24).  It  can  be  seen  that  the  unweighted 
S/N  ratio  is  greater  than  44  db  for  channels 
having  center  frequencies  as  high  as  2.5  Me. 
It  should  be  noted  that  at  the  time  of  this 
measurement,  receiver  noise  temperature 
was  abnormally  high  and  the  received  signal 
power  only  average. 

Telephone  Channel  Noise  for  Two-Way 
Links — In  collaboration  with  the  Nutley  and 
Rio  stations,  communications  tests  were  made 
of  a group  of  12  two-way  telephone  channels 
in  the  12-60  kc  frequency  band.  The  S/N 
ratio  in  the  channels  was  measured  by  means 
of  a psophometer  conforming  to  CCITT  rec- 
ommendations. Table  4-1  gives  the  results 
obtained  with  the  Nutley  station  ; it  can  be 
seen  that  the  weighted  thermal  noise  power 
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Figure  4-24. — Signal-to-noise  ratio  at  baseband,  one-way  wideband  link. 


at  a zero  relative  level  point  remained  below 
30,000  pw  (weighted  S/N  ratio  greater  than 
45  db) . The  reception  conditions  were  aver- 
age, the  received  power  was  on  the  order  of 
—92  dbm,  the  receiver  noise  temperature 
was  on  the  order  of  38  °K,  and  the  rms 
frequency  deviation  per  channel  was  29.5  kc 
for  the  ground-satellite  direction. 


Table  4-1. — Transmission  of  12  Telephone  Channels 
(12-60  kc  band ) 

[Signal  to  Weighted  Noise  Ratio]  db 


Type  of  link 
(channel) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Two-way  with 

Nutley 

47 

47 

46 

48 

48 

45 

49 

50 

49 

48 

48 

47 

Looped  on  the 

simulator 

41 

42 

51 

50 

45 

39 

49 

52 

46 

52 

52 

53 

The  same  table  shows  the  results  of  meas- 
urements taken  when  the  link  was  looped 
on  the  simulator,  which  was  then  receiving 
only  one  carrier.  These  results  are  compa- 
rable to  those  obtained  with  the  satellite ; the 


gain  obtained  as  a result  of  the  greater  re- 
ceived signal  power  was  balanced  by  the 
increase  in  noise  temperature  for  the  low 
antenna  elevation. 

The  same  tests  were  repeated  in  collabo- 
ration with  the  Andover  station  in  the  60- 
108  kc  frequency  band,  with  the  rms  fre- 
quency deviation  per  channel  104.7  kc  for 


Table  4-2. — Transmission  of  12  Telephone  Channels 
( 60-108  kc  band) 

[Signal  to  Weighted  Noise  Ratio]  db 


Type  of  link 
(channel) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Two-way  with 

Andover 

53 

60 

58 

60 

58 

60 

60 

60 

60 

54 

61 

61 

Looped  on  the 

simulator 

60 

60 

60 

60 

61 

61 

61 

61 

60 

61 

60 

60 

the  ground-satellite  direction.  Table  4-2 
gives  the  results  of  measurements  made 
under  average  conditions  of  reception,  with 
a received  signal  power  of  —92  dbm  and 
receiver  noise  temperature  of  34°K.  The 
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results  obtained  with  a loop  test  on  the 
simulator  are  practically  identical.  The 
weighted  S/N  ratio  is  about  10  db  greater 
than  that  obtained  in  the  12-60  kc  band, 
corresponding  to  the  difference  in  modula- 
tion gains  for  the  respective  frequency  devi- 
ations of  29.6  and  104.7  kc. 

Television  Noise 

Noise  in  Video  Channel  — Measurements 
were  made  of  the  ratio  of  the  complete  peak- 
to-peak  signal  to  rms  noise  in  television, 
with  the  noise  limited  by  a low-pass  filter 
at  3 Me  and  by  a high-pass  filter  at  10  kc, 
fabricated  in  conformity  to  CCIR  recommen- 
dations for  the  406-line  standard. 

Table  4-3  gives  the  results  of  measure- 
ments taken  under  varying  conditions  of 
received  power  and  noise  temperature.  An 
appreciable  difference  can  be  seen  between 
the  measured  and  calculated  values.  In  addi- 
tion, the  improvement  due  to  weighting  as 
recommended  by  the  CCIR  for  the  406-line 
standard  does  not  reach  the  theoretical  12.3 
db  calculated  for  a triangular  noise  spec- 
trum. These  differences  are  largely  due  to 
ground  equipment  noise,  especially  in  the 
link  between  the  receiver  under  the  radome 
and  the  central  building.  No  difference  is 
seen  between  values  obtained  above  thresh- 


old with  the  frequency-compression  demodu- 
lator and  with  the  classical  demodulator. 

No  impulsive  noise  was  observed. 

Noise  in  f/ie  Audio  Channel 

Measurements  were  made  of  the  ratio  of 
peak  signal  to  rms  noise  in  the  television 
audio  channel  for  one-way  television,  at  a 
+3  dbm  level  point  for  a 1000-cps  sinusoidal 
signal  modulating  the  4.5  Me  audio  sub- 
carrier with  a peak  frequency  deviation  of 
17.7  kc;  the  peak  frequency  deviation  pro- 
duced on  the  carrier  by  the  audio  subcar- 
rier was  1.4  Me.  Under  these  conditions 
the  frequency  deviation  of  the  peak  of  the 
complex  sound  signal,  which  is  by  definition 
9 db  greater  than  the  effective  power  of  the 
1000-cps  sinusoidal  signal,  is  50  kc. 

The  measurements  were  made  with  an 
rms  voltmeter  measuring  the  effective  un- 
weighted noise  and  with  a psophometer  in 
the  audio  band  giving  the  value  of  the  effec- 
tive weighted  noise.  For  some  measurements 
a pre-emphasis  network  of  the  RC  type, 
favoring  the  highs  and  with  a time  constant 
equal  to  75  microseconds,  was  used.  Table 
4-4  shows  the  results  obtained  during  four 
passes.  A large  deviation  can  be  seen  be- 
tween the  measured  values  and  those  cal- 
culated in  neglecting  the  noise  contributed  by 
the  ground-satellite  direction.  This  devia- 


Table  4-3.— Video  S/N  Ratio  for  One-Way  Television 


P-P 


Received 

power 

(dbm) 


Noise 

temp 

(°K) 


Calculated  values 
without  pre-emphasis 


signal/r.m.s.  noise  (db) 


Measured  values 


Unweighted 


Weighted 


Unweighted 


Weighted 


With 

pre-emphasis 


No 

pre-emphasis 


With 

pre-emphasis 


No 

pre-emphasis 


-84 

-82.5 

-83.5 

-84.5 

-87 

-88 


44 

43 

54 

67 

43 

40 


51.4 
52.9 
51 
49.1 

48.4 
47.7 


63.7 

65.2 

63.3 

61.4 

60.7 
60 


44.2 

45.2 


50.2 

50.2 


42.5 

48.2 

44.2 
44.2 


50.5 

57.2 

52.2 
52.2 
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Table  4-4. — Audio  S/N  Ratio  for  One-Way  Television 


Rev 

No. 

Received 

power 

(dbm) 

Noise 

temp 

(K) 

Peak  signal  to  r.m.s.  noise  (db) 

Calculated 

Measured 

Unweighted, 

no 

pre-emphasis 

Unweighted, 

no 

pre-emphasis 

Unweighted, 

with 

pre-emphasis 

Weighted, 

no 

pre-emphasis 

Weighted, 

with 

pre-emphasis 

448 

-87.5 

56 

60 

46 

48 

633 

-87.1 

32 

62.8 

51 

58 

873 

-85.5 

32 

64.4 

47.5 

2271 

-89 

i 

30 

61.2 

49.8 

tion  is  due  to  ground  equipment  noise.  In 
any  case  the  quality  of  the  link  remains  ade- 
quate. 

No  impulsive  noise  was  observed. 

Distortions  in  the  Communications  Channel 

The  distortions  to  which  the  signal  is 
subject  during  transmission  take  the  form 
chiefly  of  video  signal  and  synchronization 
signal  deformations  in  television  or  inter- 
channel intermodulation  noise  in  telephony. 
A main  cause  of  distortion  in  FM  is  the 
variation  of  group  propagation  time  in  rela- 
tion to  intermediate  frequency.  We  studied 
this  phenomenon  and  its  consequences  for 
the  transmission  of  multiplex  telephony  or 
a television  signal. 

GROUP  DELAY  DISTORTION  AS  A FUNCTION 
OF  INTERMEDIATE  FREQUENCY 

This  distortion  is  measured  by  applying 
to  the  modulator  input  a 50-cps  sinusoidal 
signal  which  causes  a frequency  deviation 
of  ± 10  Me  about  the  center  frequency ; on 
this  signal  is  superimposed  a 200-kc  sinusoi- 
dal wave  causing  an  additional  frequency 
deviation  of  low  amplitude  (about  100  ke). 
At  the  receiving  end  the  50-cps  signal  is 
filtered  out  and  the  200-kc  wave  is  sent  to 
a phase  discriminator  which  gives  an  in- 
stantaneous voltage  proportional  to  the  devi- 
ation between  the  instantaneous  phase  of  the 
200-kc  signal  and  the  mean  value  of  this 
phase,  for  a value  of  the  intermediate  fre- 


quency determined  by  the  instantaneous 
amplitude  of  the  50-cps  signal.  This  error 
voltage  is  applied  to  the  vertical  deviation 
plates  of  an  oscilloscope  whose  horizontal 
sweep  is  at  the  rate  of  the  50-cps  sinusoidal 
signal. 

Figure  4-25  is  a reproduction  of  the  curve 
observed  on  the  oscilloscope  screen.  A peak- 
to-peak  distortion  of  about  60  nsec  can  be 
seen  for  a 20-Mc  frequency  band.  In  Figure 
4-26  this  distortion  has  been  broken  down 
into  a linear  distortion  of  16  nsec  peak-to- 
peak,  a parabolic  distortion  of  40  nsec  peak- 
to-peak,  and  a residual  undulating  distortion 
of  18  nsec  peak-to-peak.  Since  the  curve 
being  studied  is  not  a rigorous  mathematical 


Figure  4-25. — Delay  distortion  as  a function  of  the 
intermediate  frequency. 
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Figure  4-26.- — Delay  distortion  as  a function  of  in- 
termediate frequency  (separate  components) . 


representation  of  the  sum  of  these  three 
types  of  function,  this  analysis  has  a certain 
arbitrary  element  in  it. 

Considering  the  accuracy  of  the  measure- 
ment, about  2 nsec,  no  difference  was  ob- 
served between  the  results  obtained  with  a 
classical  demodulator  and  the  frequency- 
compression  demodulator,  whether  the  link 
was  looped  on  the  satellite  or  on  the  simu- 
lator. 


fofermodufation  Noise  in  One-Way  Telephony 

Intermodulation  noise  is  measured  in  the 
channels  centered  on  70,  1248,  and  2438  kc 
of  a 600-channel  telephony  multiplex.  To 
make  the  measurement  the  transmission  link 
is  loaded  by  a continuous-spectrum  signal 
conforming  to  CCIR  notice  No.  294.  The  rms 
frequency  deviation  per  channel  was  varied 
on  both  sides  of  the  nominal  value  of  512 
kc.  A pre-emphasis  network  conforming  to 
CCIR  notice  No.  275  for  600  channels  was 
used  for  some  measurements. 

The  curves  of  Figure  4-27  indicate  the 
results  obtained  with  and  without  pre- 
emphasis;  direct  indication  is  given  of  the 
ratio  of  signal  to  unweighted  noise  at  a zero 
relative  level  point  in  a 4-kc  band.  The 
dashed  lines  represent  the  measured  value 
of  the  S/N  ratio  with  no  modulation  present 
(thermal  noise  alone). 
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Figure  4-27. — Intermodulation  noise  for  600 
one-way  channels. 


It  can  be  deduced  from  these  measure- 
ments that  it  would  be  possible,  when  pre- 
emphasis is  not  used,  to  choose  an  effective 
frequency  deviation  per  channel  on  the  order 
of  800  kc  to  obtain  in  the  worst  channel  an 
optimum  ratio  of  signal  to  unweighted  noise 
of  39  db.  When  pre-emphasis  is  used,  on  the 
other  hand,  we  observe  as  would  be  expected, 
an  improvement  in  overall  S/N  ratio  with 
an  optimum  value  as  high  as  41  db  for  an 
effective  frequency  excursion  per  channel  of 
about  650  kc.  Under  these  conditions  the 
total  psophometric  noise  power  is  as  high  as 
35,000  pw. 

Figure  4-28  shows  the  same  curves  plotted 
for  a link  looped  on  the  satellite  simulator, 
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threshold.  Other  measurements  made  using 
this  same  demodulator  with  the  pre-emphasis 
network  showed  that  the  intermodulation 
noise  was  very  large,  even  for  very  low 
values  of  frequency  deviation  per  channel. 
This  demodulator  should  therefore  definitely 
not  be  used  under  those  conditions. 

Inter  modulation  Noise  in  Two-Way  Telephony 

Crosstalk  measurements  were  made  for  a 
group  of  60  two-way  telephone  channels  in 
cooperation  with  the  Andover  station.  No 
pre-emphasis  was  used.  Figure  4-29  shows, 
as  a function  of  rms  frequency  deviation  per 
channel,  the  overall  S/N  ratio  (thermal  and 
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Figure  4-28. — Intermodulation  noise  for  600  one-way 
channels  (in  loop  on  the  simulator). 


with  demodulation  by  a classical  demodula- 
tor and  by  the  frequency-compression  demod- 
ulator. No  pre-emphasis  was  used.  The 
results  obtained  with  the  classical  demodu- 
lator are  comparable  to  those  seen  with  the 
satellite,  but  with  the  frequency-compression 
demodulator  the  intermodulation  noise  is 
much  greater.  It  is  still  possible  with  this 
demodulator,  however,  to  obtain  a signal  to 
unweighted  noise  ratio  in  the  worst  channel 
of  38  db  by  reducing  the  effective  frequency 
deviation  per  channel  to  about  400  kc.  Under 
these  conditions  the  use  of  the  frequency- 
compression  demodulator  could  be  valuable 
whenever  the  receiving  conditions  were  near 
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Figure  4-29. — Intermodulation  noise  for  60  two-way 
channels. 
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intermodulation  noise)  and  the  S/N  ratio 
for  thermal  noise  alone  (dashed  line).  The 
conditions  for  the  measurement  were  aver- 
age, the  received  power  —95  dbm,  and  the 
receiver  noise  temperature  35  °K.  It  can  be 
seen  that  with  an  rms  frequency  deviation 
per  channel  near  390  kc  in  the  satellite- 
ground  direction,  the  signal  to  unweighted 
noise  ratio  in  a 4-kc  pass  band  is  54  db  in 
the  worst  channel  (psophometric  noise  at  a 
zero  relative  level  point,  4000  pw).  It  is 
therefore  possible  to  transmit  with  excellent 
quality  60  two-way  telephone  channels. 

The  same  series  of  tests  was  performed 
with  the  link  looped  on  the  simulator,  which 
was  receiving  a single  carrier  ; the  received 
power  was  in  this  case  —85  dbm.  Under 
these  conditions  the  ratio  of  signal  to  ther- 
mal noise  alone  is  higher  than  in  the  pre- 
ceding case,  and  the  intermodulation  noise 
appears  to  be  greater.  With  this  observation 
in  mind,  the  results  shown  on  the  same  Fig- 
ure 4-29  are  comparable  to  those  obtained 
with  the  link  looped  on  the  satellite.  The 
abnormal  shape  of  the  variations  of  thermal 
noise  alone  in  the  window  at  70  kc  is  due  to 
the  presence  of  equipment  noise  at  low  fre- 
quencies; this  noise  is  no  longer  negligible 
when  the  noise  contributed  by  the  rest  of  the 
link  is  low. 

Intelligible  Crosstalk  in  Two-Way  Telephony 

Several  passes  of  the  satellite  were  used 
for  measurement  of  intelligible  intermodu- 
lation. Table  4-5  shows  the  results  obtained 


in  collaboration  with  the  Andover  station; 
the  receiver  RF  bandwidth  was  limited  by  a 
filter  of  6 or  3 Me  bandwidth.  The  Pleumeur- 
Bodou  station  transmitted  a pure  carrier 
wave  at  1723.33  Me  and  for  the  same  carrier 
as  received  measured  the  noise  in  the  chan- 
nels centered  at  100,  200,  and  400  kc,  while 
at  the  same  time  the  Andover  station  trans- 
mitted a pure  carrierwave  at  1726.67  Me 
(thermal  noise  alone).  Then  the  Andover 
station  transmitted  this  same  carrier  modu- 
lated by  the  center  frequency  (100,  200,  400 
kc)  of  the  channels  measured  at  Pleumeur- 
Bodou  (thermal  noise  plus  intermodulation 
noise).  The  peak-to-peak  frequency  devia- 
tion at  the  receiver  was  500  kc,  1 Me,  and 
2 Me. 

With  a 6 Me  RF  band,  a significant  inter- 
modulation is  observed  which  appears  to 
be  independent  of  the  frequency  deviation 
chosen  and  which  increases  by  about  6 db 
per  octave  as  the  frequency  of  the  measure- 
ment channel  increases.  (It  is  possible  to 
neglect  in  the  total  noise  the  portion  due  to 
thermal  noise,  since  the  ratio  of  signal  to 
thermal  noise  alone  is  about  10  db  greater 
than  the  overall  S/N  ratio.) 

When  the  RF  band  is  only  3 Me,  the  inter- 
modulation noise  decreases  by  about  5 db, 
but  still  remains  large  and  independent  of 
the  frequency  deviation.  It  still  increases 
essentially  by  6 db  per  octave  as  a function 
of  the  frequency  of  the  measured  channel. 

This  latter  characteristic  is  that  of  a noise 
generated  after  the  first  demodulation  by 


Table  4-5. — Intelligible  Crosstalk  Signal  to  Unweighted  Noise , No  Pre-Emphasis 

[ A F at  receiver] 
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49.5 

200 

50 

39 

55.5 
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the  addition  of  white  noise  to  the  carrier 
prior  to  final  demodulation.  In  order  to 
explain  the  independence  of  intermodulation 
noise  from  the  frequency  deviation  of  the 
modulated  carrier,  additional  measurements 
would  be  required  for  lower  frequency 
deviations. 

It  should  be  noted  the  modulation  of  a 
carrier  by  a sinusoidal  signal  does  not  cor- 
respond to  the  reality  of  transmission  of  a 
telephone  multiplex.  Measurements  made  by 
simulating  a 60-channel  telephone  multiplex 
with  white  noise  have  shown  that  the  quality 
of  the  transmission  was  very  good. 

Distortions  of  the  Television  Signal 

The  study  of  distortions  in  the  video 
channel  of  the  television  signal  was  per- 
formed by  using  the  standard  signals  rec- 
ommended by  the  CCIR.  In  the  audio  chan- 
nel measurements  were  made  of  the  overall 
distortion  of  a sinusoidal  signal  varying  in 
frequency  over  the  entire  band  used  (20  to 
8000  cps).  Finally,  a study  was  made  of  the 
intermodulation  which  could  occur  between 
these  two  channels. 

Distortion  in  the  Video  Channel — Linear 
distortions  in  the  video  channel  were  meas- 
ured at  the  frame  frequency,  the  line  fre- 
quency, and  high  frequencies.  At  the  frame 
frequency  the  signal  used  was  the  CCIR 
test  signal  No.  1,  to  which  was  added 
frame  sync  pulses.  A significant  distortion 
was  noted  in  the  level  of  the  sync  pulses; 
this  distortion,  which  was  as  high  as  25 
percent,  was  observed  when  the  link  was 
looped  in  baseband  and  is  generated  on  the 
ground  in  the  video  equipment.  At  the  line 
frequency,  no  distortion  was  observed  in 
the  CCIR  test  signal  No.  2 when  the  classical 
demodulator  was  used ; when  the  frequency- 
compression  demodulator  was  used  there  was 
initially  a distortion  as  high  as  20  percent 
which  was  reduced  to  less  than  5 percent  after 
adjustment  of  the  linearity  of  the  slope  of 
the  demodulator.  The  measurement  of  the 
rise  time  of  this  same  CCIR  signal  No.  2, 
calibrated  at  166  nsec  when  transmitted,  saw 
some  distortions  at  high  frequencies.  The 


rise  time  of  the  reconstituted  signal  was  as 
high  as  200  nsec,  whether  the  link  was 
looped  in  baseband  or  on  the  satellite.  This 
corresponds  to  the  limiting  of  the  frequency 
band  used  by  a low-pass  filter  at  3 Me. 

Nonlinear  distortion  at  average  frequen- 
cies was  measured  by  means  of  CCIR  test 
signal  No  3 with  a 1-Mc  sinusoid  superim- 
posed. The  peak-to-peak  amplitude  varia- 
tions of  the  1-Mc  sinusoid,  filtered  out  from 
the  rest  of  the  signal  and  observed  on  an 
oscilloscope  screen,  do  not  exceed  5 percent; 
this  value  is  comparable  to  that  obtained 
when  the  link  is  looped  in  baseband.  The 
same  test  signal  was  used  to  measure  non- 
linear distortion  of  the  line  sync  signals 
when  the  video  portion  of  each  intermediate 
line,  or  three  lines  out  of  four  (between  the 
lines  carrying  the  sawtooth  signal),  was  set 
at  the  black,  gray,  or  white  level.  The  ob- 
served distortion  does  not  exceed  10  percent. 

No  intermodulation  of  the  audio  channel 
on  the  video  channel  was  detected. 

Distortion  in  the  Video  Channel — Linear 
overall  distortion  of  the  sinusoidal  signal  of 
frequency  varying  from  30  to  8000  cps  was 
measured  with  the  loops  closed  at  baseband, 
through  the  simulator,  and  through  the 
satellite  itself.  The  peak  frequency  devia- 
tion caused  by  the  sinusoidal  signal  on  the 
subcarrier  was  17.7  kc ; the  subcarrier  modu- 
lated the  carrier  with  a peak  frequency  devi- 
ation of  1.4  Me. 

With  the  baseband  loop  the  overall  distor- 
tion for  all  frequencies  between  30  and  8000 
cps  was  less  than  2 percent.  The  results  ob- 
tained with  the  loop  through  the  simulator 
or  the  satellite  are  comparable,  with  the  over- 
all distortion  never  exceeding  3 percent. 

Intermodulation  of  the  video  on  the  audio 
channel  was  studied  by  measuring  the  peak 
signal  to  rms  noise  ratio  while  the  video 
carrier  was  either  unmodulated  or  modu- 
lated by  the  various  signals  used  for  video 
tests  as  well  as  by  a test  pattern  or  an  actual 
tape  recorded  television  program.  The  re- 
sults obtained  with  the  Andover  station 
receiving,  in  loop  test  on  the  satellite,  or 
through  the  simulator  are  identical,  indicat- 
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ing  that  the  distortions  are  as  one  would 
expect  to  be  produced  in  the  ground  equip- 
ment. When  no  pre-emphasis  is  used  the 
deterioration  of  the  S/N  ratio  is  large,  reach- 
ing values  often  below  25  db  rather  than  the 
average  50  db  value  when  the  carrier  is  un- 
modulated. With  the  use  of  a pre-emphasis 
network  for  the  video  signal  conforming  to 
the  CCIR  recommendation  for  the  405-line 
standard,  the  ratio  is  improved  by  about  5 
db.  The  effect  of  pre-emphasis  of  the  audio 
signal  is  even  more  pronounced ; in  this  case 
the  S/N  ratio  remains  practically  always 
above  40  db.  With  pre-emphasis  for  both 
signals  the  ratio  is  always  above  45  db,  and 
the  link  can  then  be  considered  to  be  of  good 
quality. 

Absolute  Measurement  of  Propagation  Time 

Absolute  measurement  of  propagation  time 
was  performed  in  loop  on  the  satellite  by 
measuring  the  interval  of  time  which  sep- 
arates the  transmission  and  reception  of  a 
square  pulse  with  a very  steep  leading  edge 
(rise  time  less  than  1 microsecond).  The 
whole  video  frequency  band  is  used  for  this 
transmission ; the  accuracy  obtained  is  ± 0.2 
microsecond  over  the  round-trip  time,  of 
± 30  meters  in  satellite  range.  It  is  possible 
to  compare  the  measured  value  with  the  value 
derived  from  the  satellite  range  as  deter- 
mined from  the  orbital  data.  Figure  4-30 
shows  the  deviation  between  these  two 
values.  It  is  seen  that  the  agreement  is  good, 
with  the  maximum  deviation  of  15  micro- 
seconds corresponding  to  a range  error  rela- 
tive to  the  computed  range  of  about  5 X 10-4. 

System  Tests 

A large  portion  of  the  Relay  I passes  util- 
ized at  Pleumeur-Bodou  were  devoted  to 
system  tests  or  to  demonstrations.  During 
the  period  4 January  to  30  November  1963, 
13  passes  were  used  for  system  tests  or 
demonstrations  of  telephony  and  36  were 
used  for  television  system  tests  or  demon- 
strations. 

SYSTEM  TESTS  FOR  TELEPHONY 

System  tests  of  two-way  telephony  were 


performed  in  both  the  12-60  kc  and  60-108 
kc  bands.  Eleven  passes  altogether  were 
used  for  these  tests  in  the  January-Novem- 
ber  1963  period.  For  several  of  these  passes 
the  link  was  actually  used  to  re-transmit 
telephonic  communications  between  sub- 
scribers in  Europe  and  subscribers  in  the 
United  States.  The  link  was  always  excellent 
with  respect  to  the  contact  established  and 
the  noise  in  the  telephone  channels.  The  re- 
sults of  quality  tests  which  took  into  account 
the  influence  of  propagation  time  and  the 
operation  of  the  echo  suppressors  are  not  yet 
available. 

When  the  link  is  used  for  a telephone  mul- 
tiplex, one  of  the  channels  can  be  used  for 
facsimile  transmission.  Figure  4-31  is  a 
reproduction  of  the  first  facsimile  transmis- 
sion sent  from  Washington  and  received  in 
Paris  via  the  Relay  satellite.  Some  deforma- 
tion can  be  seen ; it  is  caused  by  the  variation 
in  propagation  time  during  the  transmission, 
which  has  the  effect  of  breaking  the  relative 
synchronization  of  the  facsimile  transmitter 
and  receiver.  This  effect,  which  is  tolerable 
in  the  case  shown  here,  is  nevertheless  suffi- 
ciently large  to  be  troublesome  in  the  case  of 
transmission  of  newspaper  pages  or  draw- 
ings. 

Sysfem  Tesfs  of  Television 

During  the  period  4 January  to  30  Novem- 
ber 1963,  36  passes  were  devoted  to  system 
tests  of  one-way  television.  Eighteen  of 
these  passes  were  used  in  the  U.S.-Europe 
direction  and  16  in  the  Europe-U.S.  direc- 
tion, while  on  two  passes  the  link  was  used 
in  each  direction  in  turn.  The  received  pic- 
tures were  always  of  excellent  quality  and 
were  often  retransmitted  over  the  Euro- 
vision network.  Figures  4-32,  4-33,  4-34 
and  4-35  are  reproductions  of  pictures  re- 
ceived at  the  Pleumeur-Bodou  station;  Fig- 
ure 4-34  was  received  during  the  first  opera- 
tional pass  of  the  satellite  and  Figure  4-35 
during  a public  demonstration  on  the  occasion 
of  the  showing  in  the  U.S.  of  the  famous 
painting,  “La  Gioconda”  (Mona  Lisa). 
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Figure  4-30. — Measurement  of  propagation  time  (deviation  of  measured  value 

from  calculated  value). 


CONCLUSION 

The  results  of  acquistion  and  tracking  tests 
and  of  communications  tests  performed  with 
the  Relay  I satellite  were  extremely  satisfac- 
tory. They  showed  that  it  is  possible  to  point 
a large  antenna  at  a moving  satellite  with 
great  accuracy,  and  that  acquisition  does  not 
present  any  special  problems.  The  wideband 
link  established  with  the  satellite  is  of  excel- 


lent quality  and  the  transmission  of  a tele- 
phone multiplex  signal  of  600  channels  or  a 
525-line  television  signal  was  readily  accom- 
plished. 

Authors.  This  chapter  was  contributed, 
by  L.  Bourgeat,  A.  Dyevre,  and  J.  P.  Hous- 
sin.  Centre  National  d’  Etudes  des  Telecom- 
munications ( CNET ),  Issy-les-Moulineaux, 
France. 


Figure  4-32.— Test  pattern  received  at  Pleumeur- 
Bodou  from  Andover  pass  200. 


Figure  4-33. — Picture  received  at  Pleumeur-Bodou 
from  Andover  pass  206. 
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Figure  4-34. —Test  pattern  received  at  Pleumeur- 
Bodou  during  first  operational  pass  of  Relay  L 


Figure  4-35. — Picture  received  at  Pleumeur-Bodou 
during  first  public  demonstration. 
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Chapter  5 


The  Raisting  Space  Communications  Station 


GENERAL 

In  1961  the  Deutsche  Bundespost  decided 
to  take  part  in  the  international  experiments 
for  the  transmission  of  communications  via 
artificial  satellites  and  in  1962  began  to  erect 
an  earth  station  near  Raisting  (Upper 
Bavaria). 

On  8 November  1968,  a narrowband  in- 
stallation for  12  telephone  channels  (4- wire) 
was  already  put  into  operation,  which  en- 
abled the  Deutsche  Bundespost  to  participate 
in  the  experiments  performed  within  the 
scope  of  the  NASA  project  Relay  and  the 
ATT  project,  Telstar.  The  results  of  these 
tests  are  compiled  in  Chapter  6. 

By  autumn,  1964,  a wideband  installation 
will  be  available,  allowing  the  transmission 
of  some  one  hundred  telephone  calls  or  one 
television  program  over  satellites  of  the 
Relay  or  Telstar  type. 

Selection  of  the  site  for  an  earth  station 
was  particularly  difficult  because  there  is  a 
very  dense  radio-relay  network  in  the  Fed- 
eral Republic  of  Germany.  A site  near  Raist- 
ing proved  to  be  suitable  since  it  is  rather 
a long  way  off  the  main  radio-relay  links, 
and,  as  may  be  seen  in  Figure  5-1,  the  ridges 
of  hills  surrounding  the  terrain  on  all  sides 
prevent  interferences  caused  by  other  radio 
services.  Figure  5-2  shows  the  horizon 
around  the  earth  station. 

There  are  two  2 Gc  radio-relay  links  con- 


necting the  earth  station  with  the  long- 
distance network  of  the  Federal  Republic  of 
Germany. 

Raisting  is  about  10  km  from  the  Olympia 
highway  and  has  a railway  depot  (Figure 
5-8). 


Figure  5-1. — Topology  of  Raisting  earth  station. 
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AZIMUTH  IN  DEGREES 


Figure  5-2.— Optical  horizon  at  Raisting. 

The  environs  of  Raisting  with  the  outline 
of  the  mountains  defined  against  the  sky 
and  the  close-by  lake  (Ammersec)  allowing 
all  kinds  of  aquatics,  are  a lovely  place  for 
the  residential  quarters  of  the  staff  members 
of  the  earth  station. 

NARROWBAND  INSTALLATION 

This  installation  was  designed  and  con- 
structed by  the  International  Telephone  and 
Telegraph  Federal  Laboratories  at  Nutley, 
New  Jersey  (USA)  . It  consists  mainly  of  a 


radio  van  with  one  trailer  for  the  antenna 
support  and  another  one  for  the  heat  ex- 
changer. Figure  5-4  shows  how  the  equip- 
ment and  the  additionally  required  huts  are 
set  upon  the  Raisting  site. 

Antenna 

Use  is  made  of  a collapsible  9 m Casse- 
grain antenna,  the  gain  of  which  is  about 
48  db  at  4 Gc  and  about  51  db  at  6 Gc.  The 
beamwidth  of  the  main  lobe  is  at  about  0.5° 
(3  db  points).  Immediately  behind  the  an- 
tenna there  is  a trunnion  box  which  is 
permanently  connected  with  the  reflector 
and  which  transmits  the  elevation  motion 
to  the  antenna.  The  box  contains,  among 
other  things,  the  RF  units  of  the  2 Gc  and 
6 Gc  transmitters,  and  of  the  4 Gc  receiver 
and  the  mixers  (Figure  5-5). 

The  slewing  range  of  the  antenna  covers 
—2°  to  +92°  in  the  elevation  and  ± 300° 


Figure  5-3.— Location  of  Raisting  earth  station. 


THE  RAISTING  SPACE  COMMUNICATIONS  STATION 


635 


Figure  5-4.— Transportable  satellite  earth  station 
Raisting  (upper  Bavaria). 


in  the  azimuth.  Its  maximum  slewing  veloc- 
ity is  5 degrees  per  second  in  the  elevation 
and  10  degrees  per  second  in  the  azimuth. 
The  minimum  slewing  velocity  amounts  to 
0.004  degrees  per  second,  i.e.,  about  360  de- 
grees per  day.  The  antenna  can  still  operate 
at  wind  velocities  of  up  to  56  km/h. 

Transmitter  System 

Each  transmitter  uses  a 4-cavity  klystron 
and  supplies  the  antenna  with  a power  of 
10  kw.  The  klystrons  are  remotely  controlled 
from  the  radio  van.  The  klystrons  and  wave- 
guides at  the  transmitter  output  are  cooled 
by  heat  exchangers.  The  carrier  baseband 
12-60  kc  provided  for  transmission  purposes 
is  fed  to  the  FM  modulator  housed  in  the 
radio  van,  where  it  is  converted  into  the  IF- 
position  71.5  Me  (center  frequency).  Feed- 
ing to  the  RF  box  of  the  antenna  is  done 
via  an  interconnecting  cable. 


Receiver  System 

The  communication  signal  received  from 
the  satellite  is  fed,  via  a frequency  filter,  to 
an  uncooled  parametric  amplifier  which  has 
a gain  of  about  20  db  and  a noise  figure  of 
about  2.5  db.  The  pump  frequency  of  the 
oscillator  klystron  in  the  receiver  is  13.92  Gc. 
The  signal  converted  into  the  IF  position  of 
65  Me  is  fed  via  an  interconnecting  cable 
to  the  receiver  units  housed  in  the  radio 
van.  A FM  demodulator  with  feedback  is 
used  to  improve  the  carrier-to-noise  ratio. 
A carrier  baseband  of  12-60  kc  is  available 
at  the  demodulator  output. 

Antenna  Pointing 

Rough  acquisition  of  the  satellite  is  effect- 
ed by  manual  positioning  of  the  antenna, 
using  orbital  data  calculated  beforehand. 
Later  on,  antenna  pointing  is  done  by  a 
beacon  receiver.  The  beacon  signal  is  fed 
via  a 4-horn  element  .in  the  antenna  to  a 
device  effecting  a separation  in  phase  of  a 
sum  channel  and  two  difference  channels  for 
azimuth  and  elevation.  Filters  ensure  a good 
selection  of  the  azimuth  and  elevation  chan- 
nels. In  the  sum  channel,  the  communication 
signal  is  separated  from  the  tracking  signal 
and  fed  to  the  communication  receiver.  The 
separated  tracking  signals  are  fed  to  a 3- 
channel  demodulator  accommodated  in  the 
radio  van. 

When  the  antenna  points  to  the  satellite, 
a phase  detector,  after  having  made  a phase 
comparison  between  the  sum  channel  and  the 
difference  channels,  supplies  a direct  current 
voltage  proportional  to  the  antenna  pointing 
error.  The  error  signal  is  used  to  correct 
the  position  of  the  antenna  automatically. 
Because  of  the  Doppler  effect  and  the  fre- 
quency instability,  the  sum  channel  receiver 
is  equipped  with  a device  for  automatic  fre- 
quency search  and  phase-  lock.  The  receiver 
input  voltage  is  continuously  indicated  for 
monitoring  purposes. 

THE  WIDEBAND  INSTALLATION 

As  mentioned  before,  this  installation 
(Figure  5-6)  will  presumably  be  available 
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Figure  5-5. — Narrowband  satellite  earth  station,  Raisting,  block  diagram. 


for  transmission  via  communication  satel- 
lites by  autumn,  1964. 

Antenna 

This  installation  will  use  a 25  m parabolic 
reflector  (Figure  5-7),  which  will  be  illu- 
minated via  a 2.5  m sub-reflector.  The  sub- 
reflector in  turn  will  be  excited  by  a small 
horn  type  parabolic  antenna  (Cassegrain 
principle).  The  focal  length/diameter  ratio 
is  f/D=  0.26.  The  rim  of  the  reflector  is 
provided  with  a 0.5  m cylindrical  shield  to 
increase  the  front-to-back  ratio. 

Measurements  at  34.7  Gc  carried  out  on 
a scaled-down  model  (parabolic  antenna 
3 m $)  indicated  that  in  the  4 Gc  range  the 
antenna  gain  will  be  about  57  db.  The  meas- 
ured beamwidth  was  0.25°  (3  db  points). 

The  slewing  range  of  the  antenna  covers 
± 380°  in  the  azimuth  and  — 1°  to  +125° 
in  the  elevation. 

An  air-supported  radome,  having  a diam- 
eter of  48.8  m and  a height  of  39  m,  protects 


the  antenna  from  the  effects  of  the  common 
elemental  conditions. 

Transmission  System 

The  antenna  system  comprises  a 6 Gc 
transmitter  suitable  for  transmission  tests 
via  Telstar  type  satellites.  The  transmission 
system  consists  of  an  FM  modulator,  an 
exciter  and  a power  amplifier  designed  for 
a maximum  output  of  2 kw.  A water  cooled 
traveling  wave  tube  is  used  as  power  am- 
plifier. 

Receiving  System 

The  receiving  system  comprises  a maser, 
a low-noise  amplifier  and  a FM  receiver 
with  FM  feedback  (Figure  5-8).  The  maser 
is  cooled  with  liquid  helium  so  as  to  obtain 
a noise  temperature  of  about  4.5°  K.  For 
elevation  angles  exceeding  7°,  the  equivalent 
noise  temperature  of  the  entire  receiving 
system  will  presumably  be  54°  K. 

The  FM  receiver  has  three  outputs,  viz., 
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Figure  5-6. — Wideband  installation  at  Rai sting. 


Figure  5-7. — Antenna  Raisting — 25  m0  Cassegrain. 


one  for  the  baseband,  one  for  the  television 
picture,  and  one  for  the  sound.  The  receiv- 
ing system  allows  reception  of  signals  from 
Telstar  and  Relay  type  satellites.  Both  satel- 
lites use  transmission  frequencies  in  the  4 Gc 
range. 

Helium  Installation 

Fifteen  liter  of  liquid  helium  are  required 
for  a 24-hour  operation  of  the  maser.  This 
demand  is  met  by  self-recovery  and  liquefy- 
ing equipment,  which  is  set  up  in  the  rotunda 
of  the  antenna  building.  From  the  upper 
antenna  room  the  evaporated  helium  is  im- 
mediately returned  via  a flexible  pipe  system 
to  the  helium  treatment  room,  where  it  is 
stored  in  a gas  tank.  From  there  the  helium 
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BASEBAND 


Figure  5-8.— Wideband  satellite  earth  station  Raisting,  block  diagram. 


gas  is  fed  via  a preliminary  filter  to  the 
liquefying  equipment. 

The  installation  operates  fully  automati- 
cally so  that  it  does  not  need  to  be  attended 
to  at  night. 

Antenna  Pointing 

Prior  to  an  expected  satellite  pass,  data 
points,  which  are  stored  on  magnetic  tapes, 
are  used  to  point  the  antenna  to  the  satellite 
rise  point  on  the  horizon.  An  electronic  com- 
puter (type  IBM  1620/11)  computes  the  data 
points  from  orbital  data.  At  the  beginning, 
these  orbital  data  are  supplied  by  NASA 
in  the  form  of  topocentric  Cartesian  coor- 
dinates. 

The  satellite  emits  beacon  signals  on  4080 
Me  to  be  used  for  autotracking  of  the  earth 
antennas.  Upon  reception  of  the  beacon 
signal  by  the  earth  antenna,  there  is  an 
automatic  change-over  to  the  antenna  auto- 
track. Higher  order  modes  of  the  4080  Me 
signal  are  developed  in  the  horn  reflector 
of  the  earth  antenna.  In  the  automatic  pre- 


cision tracking  system  these  modes  produce 
analog  error  signals  which  indicate  the  satel- 
lite position  relative  to  the  center  of  the 
antenna  beam.  These  error  signals  are  fed 
to  the  pointing  system  comprising  the  hy- 
draulic drive  system,  the  antenna  and  the 
digital  equipment  and  can  be  used  to  position 
the  antenna. 

In  order  to  increase  the  reliability,  the 
magnetic  tape  is  continuously  running  in 
support. 

CENTRAL  BUILDING 

The  central  building,  set  up  at  a distance 
of  about  300  m from  the  wideband  installa- 
tion, houses  the  equipment  for  recording 
testing,  etc.  In  the  test  room  there  is,  for 
instance,  a magnetic  tape  recorder  (Ampex 
FR  100  B)  for  recording  the  signals  of 
facsimile,  telegraph  and  data  transmission 
tests.  Moreover,  a monitor  is  available  for 
monitoring  the  picture  quality  of  facsimile 
transmissions.  A television  standards  con- 
verter converting  the  625-line  standard  into 
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Table  5-1. — List  of  the  Equipment  of  the  Raisting  Earth  Station 


Narrowband  installation 

Wideband  installation 

1 . Parabolic  antenna _ 

9 m diameter. 

25  m diameter. 

1.1  Driving.  . . _ 

Angle  of  aperture  140° 

Distance  between  reflector  and  subreflector 
...3m. 

Cassegrain  principle,  without  radome. 

Used  for  transmission  and  reception. 
Azimuth  ± 300°,  (10°/sec), 

Elevation  —2  to  +92°  (5°/sec) 
Hydraulic  drive. 

Angle  of  aperture  180°. 

Distance  between  reflector  and  subreflector 
6.5  m. 

Cassegrain  principle  radome  49  m<£  and 
39  m height. 

Used  for  transmission  and  reception. 
Azimuth  ± 380°  (2°/sec) 

Elevation  — 1°  to  +125°  (2°/sec) 
Hydraulic  drive. 

1 .2  Performance  ... 

Half-power 
width 
(3  db) 

Gain 

Equivalent  noise 
temperature  at 
7.5  elevation 

Half-power 
width 
(3  db) 

Gain 

Equivalent  noise 
temperature  at 
7.5°  elevation 

4170  Me 

6390  Me 

0.6° 

0.39° 

48.4  db 
51  db 

350° 

0.245 

57.5  db 
61  db 

54° 

1725  Me 

1.4° 

41.0  db 

2.  Transmitter 

Frequency  _ . .. . 

1725  Me. 

Feature  _ 

6390  Me. 

Water-cooled  klystron  amplifier. 
10  kw.  bandwidth  1 Me. 

6390  Me. 

Water-cooled  traveling  wave  tube. 
2 kw.  bandwidth  25  Me. 

Performance  

3.  Receiver 

Frequency 

4170  Me. 

4170  Me. 

Feature  

Performance. ... 

Uncooled  parametric  amplifier. 
Noise  temperature  290°K. 

Helium  cooled  maser. 
Noise  temperature  4.5°K. 

4.  Tracking  system 

Frequency 

Feature  

Performance: 

Minimum  tracking 
signal  level . _ 

4080  M e. 

Communication  antenna  Monopulse  mode. 
-130  dhm. 

4080  Me. 

Communication  antenna  Monopulse  mode. 
-130  dhm 

Pointing  accuracy  of 
the  antenna.^ 

0.02° 

0.003° 

5.  Antenna  pointing  system 
Structure  .. 

Mode  of  operation 

Manual  servo  system. 

Autotracking  of  the  antenna. 
Manual,  automatic. 

Computer  IBM  1620/11  Magnetic  tape, 
digital  system,  digital  analog  converter, 
servo  system. 

Autotracking  of  the  antenna. 

Magnetic  tape,  automatic. 

6.  AC  Power  supply  ...... 

Emergency 

1 80  kva 

800  kva. 

Battery  2 X 2304  Ah/lOh  and  Diesel  driven 
generator  set. 
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the  American  525-line  standard  and  vice 
versa  is  set  up  in  the  control  room  of  the 
central  building.  An  RCA  video  recorder 
allows  the  recording  of  television  programs. 
In  addition  there  are  German  and  American 
test  pattern  generators. 

Two  radio  relay  links,  FM-1 20/2000  and 
FM  960-TV/1900,  connect  the  Raisting  earth 
station  with  the  Deutsche  Bundespost  long- 
distance network.  The  FM  120/2000  link  is 
used  for  internal  telephone  and  teleprinter 
channels  and  for  connection  of  12  voice  chan- 
nels of  the  German  domestic  network  to  the 
terminal  equipment  of  the  narrow-band  and 
wideband  installations.  The  FM  960-TV/ 
1900  link  connects  the  Raisting  earth  station 
with  the  television  network.  Table  5-1  lists 
the  equipment  at  the  Raisting  earth  station. 

Power  Supply 

The  power  supply  of  the  Raisting  earth 
station,  accommodated  in  the  central  build- 
ing, has  a connecting  load  of  1000  kva  and 
is,  for  the  time  being,  only  designed  for  test 
operation  with  a wideband  and  a narrow- 


band installation.  About  800  kva  are  re- 
quired for  the  wideband  installation  and 
about  200  kva  for  the  narrowband  installa- 
tion. 

The  wideband  installation  is  connected  to 
the  25  kv  overhead  power  line  of  the  Isar- 
Amper  electric  power  company.  The  nar- 
rowband installation  is  at  present  supplied 
from  a 7.5  kv  transformer  station  at  Raist- 
ing. Since  the  public  power  supply  network 
is  subject  to  voltage  fluctuations  and  short- 
term mains  failures,  the  power  supply  for 
the  wideband  installation  was  designed  so 
as  to  attain  a test  service  as  free  of  failures 
as  possible.  To  this  end,  a battery  has  been 
provided  having  a capacity  of  2 X 2304 
Ah/1  Oh  and  in  the  case  of  a main  power 
failure,  allowing  trouble-free  operation  for 
about  1 hour.  In  addition,  there  are  three 
rotary  converters,  converting  the  dc  voltage 
of  the  battery  into  ae  voltage. 

Authors.  This  chapter  was  contributed 
by  personnel  of  the  Deutsche  Bundespost, 
Darmstadt,  Germany,  under  the  overall  di- 
rection of  E.  Dietrich,  DBP. 
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Results  of  Tests  Performed  With  Relay  I 
at  the  Raisting  Space  Communications  Station 


INTRODUCTION 

In  1963  a narrowband  installation  with 
9 m parabolic  Cassegrain  antenna  was  set 
up  at  the  Raisting  earth  station. 

The  station  was  expected  to  be  ready  for 
operation  by  1 October  1963.  However,  a 
faulty  10  kw  klystron  caused  some  delay. 
Therefore,  only  monitoring  experiments 
were  carried  out  during  the  first  days. 

Upon  replacement  of  the  tube  on  23  Octo- 
ber 1963,  COMGEB  was  also  able  to  transmit 
on  1.7  kMc.  Table  6-1  shows  the  test  pro- 
gram carried  out  via  Relay  I : 


Table  6-2  shows  the  azimuth,  elevation, 
loop  angle  and  slant  range  from  COMGEB 
earth  station  to  Relay  I at  the  beginning 
and  end  of  the  experiments. 

Deviation  of  Angle  Readouts 

Table  6-3  shows  typical  deviations  of  angle 
readouts  from  predicted  pointing  data  sup- 
plied by  Goddard  Space  Flight  Center, 
NASA. 

Test  Results 

The  test  duration  per  revolution  of  the 
experiment  between  COMGEB  and  COM- 


Table  6-1. — Test  Program 


Rev 

Test  period 

(GMT) 

Content 

Circuit 

2403 

63Y  10M  18D 

1542-1559 

Test  352 

COMNUT-COMHIL* 

2411 

10M  19D 

Satellite  not  available 

2418 

10M  20D 

1342-1403 

Test  221,  231 

COMAND-COMGEBt 

2426 

10M  21D 

1408-1420 

Test  321 

COMNUT-COMRIO* 

2443 

19M  23D 

1920-1938 

Test  221,  231 

COMNUT-COMGEB 

2449 

10M  24D 

1310-1325 

Test  351,  321 

COMNUT-COMGEB 

2496 

10M  30D 

1420-1445 

Test  221,  241 

COMNUT-COMGEB 

2558 

11M  7D 

1353-1358 

Test  221,  231 

COMAND-COMGEB 

2563 

UM  8D 

1415-1440 

Test  321 

COMAND-COMGEB 

2567 

11M  8D 

1739-1801 

Test  254 

COMNUT-COMGEB 

2589 

11M  11D 

1320-1330 

Test  321 

COMAND-COMGEB 

2614 

11M  14D 

1857-1903 

Test  221,  231 

COMNUT-COMGEB 

2628 

llM  16D 

1330-1345 

Loop  for  COMNUT 

2629 

11M  16D 

1650-1710 

COMNUT-COMGEB 

3055 

64Y  1M  10D 

1030-1049 

Test  231 

COMNUT-COMTEL* 

3094 

1M  15D 

1033-1048 

___  - ! 

C0MAND-C0MHII4 

*COMGEB  monitored  only.  fCOMGEB  received  only.  JCOMGEB  tracked  only. 
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Table  6-2 .—Position  of  Relay  I During  the  Experiments 


Rev 

AZ 

(deg) 

EL 

(deg) 

Range 

(km) 

Loop  angle 
(deg) 

Circuit 

Beg 

End 

Beg 

End 

Beg 

End 

Beg 

End 

2403 

268 

272 

17 

55 

9705 

5426 

CO  MNUT-CO  MHIL  * 

2411 

SATELLITE  not  available 

2418 

246 

246 

25 

58 

9400 

6300 

COM  AND-COMGEB  t 

2426 

256 

258 

2 

14 

12000 

10500 

COMNUT-COMRIO  * 

2443 

COMNUT-COMGEB 

2449 

258 

250 

18 

37 

10346 

8405 

COMNUT-COMGEB 

2496 

273 

275 

17 

56 

10030 

5906 

COMNUT-COMGEB 

2558  1 

279 

274 

50 

65 

6660 

5726 

129 

137 

COM  AND-COMGEB 

2566 

285 

278 

16 

54 

10287 

5112 

103 

134 

COMAND-COMGEB 

2567 

301 

263 

5 

26 

9644 

5794 

114 

119 

COMNUT-COMGEB 

2589 

280 

277 

38 

57 

8081 

6411 

118 

132 

COMAND-COMGEB 

2614 

280 

263 

5 

5 

7525 

6717 

113 

105 

COMNUT-COMGEB 

2628 

287 

282 

22 

45 

9602  , 

7127 

110 

127 

Loop  for  COMNUT 

2629 

302 

269 

7 

24 

9921 

6294 

115 

118 

COMNUT-COMGEB 

3055  ! 

275 

239 

18 

13 

10094 

9244 

102 

87 

COMNUT-COMTEL* 

3094 

293  ! 

275 

6 

8 

11624 

11081 

101 

96 

COM  AND-COMHIL  t 

*COMGEB  monitored  only.  tCOMGEB  received  only.  JCOMGEB  tracked  only. 


231  Continuous  random  noise 

241  Amplitude-frequency  characteristic- 
baseband 

254  Intelligible  crosstalk 

321  Two-way  telephony 

351  Teletype  transmission 

352  Facsimile  transmission 

The  experiments  performed  are  shown  in 
Table  6-4. 

Insertion  Gain  Stability  (221) 

The  tests  were  made  to  determine  system 
insertion  gain  and  gain  stability  for  sev- 
eral telephone  channels.  The  results  of  the 
measurements  made  on  channels  1,  6 and 
12  are  indicated  in  Table  6-5. 

Continuous  Random  Noise  (231) 

The  purpose  of  this  test  was  to  determine 
the  ratio  of  rms  signal  power  to  rms  noise 
power  existing  in  the  telephone  channels. 
In  this  case,  too,  measurements  were  made 
on  channels  1,  6,  and  12  (See  Table  6-6). 

Amplitude-Frequency  Characteristic- 
Baseband  (241) 

The  experiments  were  made  to  determine 


NUT  or  COMAND  was  in  general  15  to  20 
minutes.  The  following  narrowband  tests 
were  conducted  : 

221  Insertion  gain  stability 


Table  6-3. — Relay  I — Revolution  3055 


NASA  pointing  data 

Deviation  (deg) 

AZXX 

ELXX 

AZ 

EL 

27260 

1831 

-0.10 

-0.03 

27118 

1840 

-0.08 

+0.02 

26973 

1847 

-0.08 

-0.03 

26827 

1850 

-0.09 

-0.03 

26679 

1851 

+0.06 

-0.02 

26529 

1847 

-0.06 

+0.03 

26378 

1841 

+0.07 

+0.04 

26226 

1831 

-0.06 

-0.04 

26071 

1817 

+0.06 

-0.03 

25916 

1800 

-0.07 

-0.05 

25759 

1779 

-0.09 

+0.02 

25601 

1754 

-0.09 

-0.04 

25442 

1725 

+0.07 

-0.05 

25282 

1693 

-0.10 

+0.04 

25120 

1657 

-0.06 

-0.05 

24958 

1617 

+0.08 

-0.07 

24795 

1573  | 

-0.09  I 

-0.08 

24632 

1524 

-0.09 

+0.05 

24467 

1472 

+0.08 

-0.05 

24302 

1416 

-0.12 

-0.06 

24137 

1356 

-0.10 

-0.05 
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Table  6-4. — Narrowband  Tests  Conducted  at  COMGEB 


Rev 

Experimental  item 

Circuit 

221 

231 

241 

254 

321 

351 

352 

2403 

X 

COMNUT-COMHIL* 

2411 

2418 

X 

X 

COMAND-COMGEBt 

2426 

X 

COMNUT-COMRIO* 

2443 

X 

X 

COMNUT-COMGEB 

2449 

X 

X 

COMNUT-COMGEB 

2496 

X 

X 

COMNUT-COMGEB 

2558 

X 

X 

COMAND-COMGEB 

COMAND-COMGEB 

COMNUT-COMGEB 

2566 

X 

2567 

X 

2589 

X 

COMAND-COMGEB 

COMNUT-COMGEB 

2614 

X 

X 

2628 

Loop  for  COMNUT 

2629 

X 

COMNUT-COMGEB 

3055 

COMNUT-COMTEL* 

COMAND-COMHILj 

3094 

*COMGEB  monitored  only. 
tCOMGEB  received  only. 
JCOMGEB  tracked  only. 


Table  6-5. — Insertion  Gain  Stability  Tests 


Rev 

221 

1 

Circuit 

Gain 

Variation 

2418 

+4.8 

COMAND-COMGEB 

2443 

+0.5 

COMNUT-COMGEB 

2496 

-0.4 

COMNUT-COMGEB 

2558 

-0.1 

COMAND-COMGEB 

2614 

COMNUT-COMGEB 

Table  6-6. — Random  Noise  Measurement 


Orbit 

231 

Circuit 

Signal-to-noise  ratio  average  (db) 

2418 

■ 

40 

COMAND-COMGEB 

2443 

34 

COMNUT-COMGEB 

2558 

37 

COMAND-COMGEB 

2614 

36 

COMNUT-COMGEB 

the  useful  system  baseband.  The  measured 
characteristic  is  shown  in  Table  6-7.  The 
measuring  set  was  connected  to  the  baseband 
output  jack  of  the  communication  receiver. 


Intelligible  Crosstalk  (254) 

On  orbit  2567,  a 1726  Me  modulated  signal 
with  100  kc  was  transmitted  for  COMNUT. 
The  signal  deviation  was  100  kc  peak  to 
peak.  A signal  from  COMNUT  could  not 
be  measured  due  to  receiver  problems.  The 
same  happened  on  orbit  2629. 

Two-Way  Telephony  (321) 

The  COMNUT-COMRIO  two-way  teleph- 
ony test  was  monitored  on  orbit  2426. 
Voice  on  channels  3,  4,  and  12  was  recorded 
on  tape  from  both  receivers  (communica- 
tions monitor  receivers) . The  voice  quality 
was  good.  Spin  modulation  was  found  to 
exist  on  the  channels  transmitted  from 
COMNUT. 

During  orbit  2449  (COMNUT-COMGEB) 
the  first  talk  was  made  with  COMNUT  on 
channels  2,  4,  and  5.  The  quality  of  channel 
4 was  good.  Echos  were  heard  on  channels 
2 and  5. 

On  orbit  2566  ( COM AND-COMGEB ) a 
two-way  telephone  conversation  took  place 
between  Mr,  Webb  (Administrator  of 
NASA)  and  Mr.  Stiicklen  (Bundesminister 
fur  das  Post-  und  Fernmeldewesen)  on  chan- 
nel 2.  Voice  quality  was  not  good  due  to 
noise  on  this  channel.  An  attempt  was  made 
to  switch  over  to  channel  12,  but  there  the 
same  noise  was  also  present.  However,  voice 
quality  on  channel  4 was  good. 

On  orbit  2589  (COMAND-COMGEB)  a 
two-way  telephone  demonstration  was  made 
by  the  German  Press  Agency  DPA.  Channels 
2 and  12  were  used  for  this  purpose.  Voice 
quality  on  channel  2 was  good,  but  on  chan- 
nel 12  it  was  insufficient  due  to  noise. 

Teletype  Transmission  (351) 

The  purpose  of  this  test  was  an  evaluation 
of  the  quality  of  telegraph  transmission  via 


Table  6-7 .—Orbit  U96  COMNUT-COMGEB 


Frequency  (kc) 

10 

20 

30 

40 

50 

60 

70 

80 

100 

120 

Level  (db) 

-10.5 

- 

-9.5 

-10.0 

-9.8 

-10 

-10.4 

-10.1 

-9.9 

-10.4 

-9.8 
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satellites.  This  transmission  was  performed 
on  Relay  I revolution  2449. 

A FMYFT  system  (FM  120-24  channels) 
was  used  for  transmission,  A tape  recorder 
Ampex  FR-100  B was  to  receive  the  same 
signal  which  was  looped  through  COMNUT. 
The  COMGEB  station  was  connected  by 
means  of  a land  and  microwave  line  to  the 
FMVFT  equipment  at  Frankfurt/Main. 

The  results  of  this  experiment  are  shown 
in  Table  6-8. 

Facsimile  Transmission 

This  test  was  made  to  compare  the  per- 
formance of  medium  speed  facsimile  using 
the  satellite  with  that  of  other  existing 
media. 

The  transmission  on  Relay  I orbit  2403 
was  performed  when  the  COMNUT-COM- 
HIL  pass  was  monitored.  The  received  sig- 
nal was  fed  to  Frankfurt/Main  and  recorded 


Figure  6-1. — Facsimile  picture. 


on  an  Ampex  FR-100  B tape  recorder.  Fig- 
ure 6-1  shows  the  received  picture. 

Due  to  late  acquisition  (this  was  the  very 
first  pass)  only  the  second  half  of  the  picture 
was  received.  A channel  reversal  in  the 
demux  equipment  caused  the  black  and  white 
frequencies  to  be  also  reversed.  Thus  the 
received  picture  was  negative.  During  the 
recording,  one  interruption  occurred  when 
COMGEB  lost  track  for  20  seconds. 
Technical  details  were : 

Index  of  cooperation:  352 

Drum  speed:  60  rpm 

Landline  signal  : FM  800  ± 400  cps 

Received  Signal  Power 

The  receiver  AGC  voltage  was  recorded 
during  all  passes.  Table  6-9  shows  the  re- 
ceived signal  strength  at  the  beginning,  in 
the  middle  and  at  the  end  of  each  pass : 

Noise  Temperature 

The  noise  figure  of  the  receiver  system 
was  measured  prior  to  and  after  each  pass 
with  the  antenna  pointing  at  45°  elevation. 
The  noise  temperature  referred  to  a 3-Mc 
bandwidth  was  calculated.  Some  meteor- 
ological conditions  were  also  considered.  All 
the  data  are  shown  in  Table  6-10. 

The  participation  of  COMGEB  in  Relay  I 
experiments  was  limited  to  6 weeks  duration. 
In  addition  to  the  test  results,  valuable  oper- 


Table  6-8. — Evaluation  of  Teletype  Transmission 


Channel 

Signal 

FMVFT 
syst.  loop 

Loop  through 
ampex  FR100B 

1 Loop  through 
COMGEB 

Loop  through 
COMNUT 

2 

2:2 

1 

1 

1 

8 

Isochr.  distortion 

4 

Text 

-4/4-1 

—4/ +3 

-4/4-3 

-18/ +20 

Ref.  distortion* 

6 

1020  cps 

1021.9 

1021.9 

1021.9 

1022.6 

-1022.2 

-1022.2 

-1022.7 

8 

CCITT  test  chart 

1 

2 

2 

16 

Isbchr.  distortion 

10 

1500  cps 

1503.2 

1503.2 

1503.2 

1503.1 

-1503.3 

-1503.3  | 

-1504.1 

13 

Text 

-5/  +2 

-6/4-4 

-6/4-3  i 

— 25/4-25 

Ref.  distortion* 

14 

CCITT  test  chart 

4 

5 

5 

20 

Isochr.  distortion 

18 

CCITT  test  chart 

2 

3 

3 

18 

Isochr.  distortion 

19 

80-baud  signals 

10 

14 

13 

50 

Isochr.  distortion 

22 

2:2 

1 

2 

1 

14 

Isochr.  distortion 

1.  Figure  = early  reference  distortion.  2.  Figure  -late  reference  distortion. 
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ating  experience  was  gained,  which  is  one 
of  the  basic  requirements  for  future  opera- 
tions. 

Authors.  This  chapter  was  contributed 
by  personnel  of  the  Deutsche  Bundespost, 
Darmstadt,  Germany,  under  the  overall  di- 
rection of  E.  Dietrich,  DBP. 


Table  6-9. — Received  Signal  Strength 


Orbit 

Received 

Begin 

1 signal  pow 
Middle 

er  (dbm) 
End 

Circuit 

2403 

COMNUT-COMHIL* 

2411 

2418 

COMAND-COMGEBf 

2426 

COMNUT-COMRIO* 

2443 

-109 

-108 

-102 

COMNUT-COMGEB 

2449 

-107 

-105 

-106 

COMNUT-COMGEB 

2496 

-105 

-102 

-100 

COMNUT-COMGEB 

2558 

-106 

-103 

-103 

COMAND-COMGEB 

2566 

-104 

-104 

-102 

COMAND-COMGEB 

2567 

-107 

-107 

-105 

COMNUT-COMGEB 

2589 

-103 

-105 

-105 

COMAND-COMGEB 

2614 

-105 

-104 

-104 

COMNUT-COMGEB 

2628 

-115 

-115 

-115 

Loop  for  COMNUT 

2629 

-110 

-107 

-107 

COMNUT-COMGEB 

3055 

COMNUT-COMTEL* 

3094 

COM  AND-COMHI L J 

*COMGEB  monitored  only. 
fCOMGEB  received  only. 
JCOMGEB  tracked  only. 


Table  6-10.^— Noise  Compensation  of  Receiver  System 


Orbit 

Noise  temp  (°k) 

EL  =60° 

A Z =0° 

Meteorological  conditions 

Precipi- 

tation 

rate 

Temp. 

(°F) 

Humidity 

<%> 

Wind 

velocity 

(m/sec) 

2403 

490 

0 

44 

2 

2411 

500 

0 

46 

0 

2418 

510 

0 

50 

0 

2426 

500 

0 

45 

Measuring 

3 

2443 

500 

0 

48 

equipment 

0 

2449 

500 

0 

46 

not  yet 

0 

2496 

470 

0 

44 

available 

4 

2558 

530 

0 

54 

8 

2566 

500 

0 

59 

0 

2567 

500 

0 

46 

4 

2589 

470 

0 

59 

3 

2614 

465 

0 

36 

2 

2628 

510 

15mm/day 

41 

4 

2629 

510 

15mm/day 

35 

2 

3055 

410 

20 

4 

3094 

460 

24 

6 
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Description  and  Results  of  Tests  Performed 
at  Fucino  Earth  Station  with  Relay  I 


INTRODUCTION 

The  Italian  earth  station,  owned  by  Tele- 
spazio,  is  located  in  the  Fucino  Valley,  about 
135  km.  east  of  Rome  (80  statute  miles). 

Geographical  coordinates  are: 

Latitude  41°  58'  40.55"  North 
Longitude  13°  36'  04.21"  East 
Altitude  above  mean  sea  level  650  m. 

The  site  is  surrounded  by  mountains,  the 
maximum  elevation  angle  of  which  is  less 
than  6°.  Figure  7-1  shows  the  portion  of 
the  optical  horizon  around  the  station. 


Manufacturing  of  the  telecommunication 
equipment  started  in  March  1962  and  the 
work  on  site  began  in  early  June  of  the  same 
year.  The  station  (Figure  7-2)  was  com- 
pleted at  the  end  of  November  for  the  re- 
ceiving side  and  has  been  able  to  partici- 
pate in  many  experiments  performed  with 
Relay  I. 

During  1963,  160  communication  experi- 
ments were  carried  out,  as  shown  in  Table 
7-1.  Other  experiments  have  since  been 
conducted. 


AZIMUTH  SCALE  1°  =2  mm. 
ZENITH  SCALE  1°  =1  cm. 


Figure  7-1. — Optical  horizon,  Fucino  earth  station. 
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Figure  7-2. — General  view  of  Telespazio  station. 


Tabi.e  7-1. — Relay  I Experiments  Performed  During  1963 


Wideband  TV  tests 
and  demonstrations 

Narrowband 

Total 

No. 

No. 

No. 

experi- 

ments 

Minutes 

experi- 

ments 

Minutes 

experi- 

ments 

Minutes 

80  i 

1515 

80 

1659 

160 

3174 

DESCRIPTION  OF  THE  EARTH  STATION 

Communication  and  tracking  facilities 
with  their  main  characteristics  are  listed 
below. 

The  station  is  equipped  with  fully  steer- 
able 30  ft  parabolic  dish,  with  a Cassegrain- 
ian  sub-reflector,  a four  port  horn  feed  as- 
sembly for  4 kMc  band  used  both  for  4 kMc 
beacon  auto-track  and  communication  re- 
ceiver. 

The  communication  receiver  consists  of  a 
two  stage  parametric  RF  amplifier,  the  first 
stage  being  liquid  nitrogen  cooled. 

The  incoming  signals  are  converted  to  70 


Me  and  the  IF  amplifier  is  followed  by  either 
of  two  FMFB  demodulators,  for  wideband 
and  narrowband  experiments  respectively. 

The  tracking  receiver  is  an  amplitude  sens- 
ing monopulse  type.  The  initial  acquisition 
is  achieved  by  manually  pointing  the  antenna 
on  the  predicted  position  of  the  satellite, 
according  to  the  ephemerides  received  from 
NASA. 

When  the  4 kMc  beacon  is  acquired  by  the 
tracking  equipment,  the  servosystem  is 
switched  on  autotrack  mode.  The  station  is 
also  equipped  with  instrumentation  and  test 
equipment.  Figure  7-3  is  a block  diagram 
of  receiving  system. 

EQUIPMENT  PERFORMANCE 

Antenna 

Gain  at  4170  Me. 48.7  ± 0.5  db 

Half  power  beamwidth ............. .0.55 

Side  lobes . ............... .- — 19.7  db  min. 

Parametric  Amplifiers 

Overall  gain  28.5  db 

Bandwidth  (3  db  point)  .25  Me 
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Figure  7-3. — -Communications  receiver  system. 


Noise  bandwidth  . . .26  Me 

System  Noise  Temperature 
( Measured  with  antenna  pointed  at  zenith  in 
normal  weather  conditions) 

Receiver  , . .110°  K 

Hybrids,  waveguides, 

rotary  joint,  diplexer .60°  K 

Sky  temp,  radome,  spillover.  . . 50°  K 


Overall  system  noise  temperature.  . .220°  K 

A minimum  value  of  195°  K has  been 
measured.  The  maximum  value  is  approxi- 
mately 250°  K,  260°  K having  been  meas- 
ured in  two  passes.  It  is  possible  that  a 
contribution  to  the  measured  variations  of 
about  20°  K is  due  to  weather  conditions, 
the  remaining  variation  being  attributable 
to  the  instability  of  the  parametric  amplifier. 

Wideband  Threshold 

The  actual  threshold  occurs  when  the  car- 
rier-noise power  ratio  is  equal  to  18  db  in 
1 Me  bandwidth.  In  these  conditions  the 
received  power  is  about  — 97.5  dbm  and  the 
weighted  video  S/N  ratio  is  about  39  db. 


Narrowband  Threshold 

It  occurs  when  the  carrier  to  noise  ratio 
equals  6.75  db  for  the  group  A (12-60  kc) 
and  10  db  for  the  group  B (60-108  kc)  in 
1 Me  bandwidth.  Under  these  conditions  the 
received  power  is,  for  group  A,  — 108.5  dbm 
and  the  S/N  ratio  on  the  highest  channel 
is  about  35  db. 

Using  the  CCIR  emphasis  and  psophomet- 
rically  weighting  the  noise,  this  ratio  is 
about  41  db,  which  corresponds  to  a 80,000 
pw  noise  in  every  channel. 

For  group  B and  S/N  ratio  in  the  highest 
channel  at  the  threshold  is  about  44.0  db; 
using  the  CCIR  emphasis  psophometrically 
weighting  the  noise,  this  ratio  becomes  50 
db  and  the  relative  noise  10,000  pw. 

The  above  values  have  been  calculated 
theoretically,  but  a very  good  approxima- 
tion to  the  same  value  has  been  found  with 
the  actual  tests. 

Tracking  Threshold 

The  overall  noise  figure  is  about  9 db  for 
the  sum,  azimuth  and  elevation  channels. 
The  minimum  S/N  ratio  for  acquisition  is 
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about  10  db,  which  corresponds  to  a thresh- 
old power  of  —129  dbm. 

ANALYSIS  OF  RESULTS 
Received  Carrier  Power 

Figure  7-4  shows  some  values  of  the  re- 
ceived carrier  power  referred  to  the  theo- 
retical levels,  corresponding  to  a satellite 
transmitting  antenna  gain  of  0 db.  Each 


+3 

r 

+2 

+1 

_ 

EXPECTED  CARRIER  LEVEL  fTHEORETICAL)  * 

-1 

-2 

- 

-3 



_ AVERAGE  value  __  ...... 

■8  -4 
-5 

-6 

-7 

- 

-8 

- *’ 

-9 

-in 

“ 

Figure  7-4. — Differences  between  theoretical  and 
measured  carrier  power. 


dot  represents  a measurement. 

The  measured  power  level  differs  from  the 
expected  one  as  far  as  —8  db.  The  average 
value  is  about  —4  db.  These  differences  may 
be  partially  attributed  to  errors  in  the  power 
test  system,  particularly  for  low  signal  levels, 
to  the  spacecraft  look-angle  and  to  imper- 
fect steering  of  the  antenna. 

It  has  been  also  observed  that,  at  low  ele- 
vation angles,  the  difference  between  theo- 
retical and  measured  value  is  generally 
greater  than  the  same  difference  for  high 
elevation  angles  (about  1 db  average) . This 
fact  is  likely  due  to  multipath  propagation 
losses. 

These  discrepancies  have  been  carefully 
investigated.  The  present  conclusions  are 
that  a major  loss  other  than  the  expected  one 
(0.15  db)  is  due  to  the  small  styrofoam  resin 
radome  over  the  feed  assembly.  It  was  also 
recently  discovered  that  the  misalignment  of 
the  sub-reflector  from  the  original  position 
was  due  to  deformation  of  the  tripod  spars 
and  also  to  imperfect  mounting  of  the  sub- 
reflector. 
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ORBIT  370 
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xil/WN/ INIM 


0 1 2 SEC 


Figure  7-5. — AGC  recording. 
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The  maximum  observed  spin  modulation 
was  about  3 db,  as  seen  in  Figure  7-5,  where 
the  diagrams  of  the  AGC  levels  versus  time 
are  represented  for  two  passes. 

Narrowband  Experiments 

1.  Baseband  Characteristics— The  meas- 
urements were  conducted  during  pass  191, 
864  and  865.  For  Group  A the  obtained  re- 
sults are  listed  in  Table  7-2  and  plotted  in 
Figure  7-6. 


Figure  7-6. — Narrowband — group  A,  baseband 
characteristics. 


Table  7-2. — Results  of  Baseband  Characteristic 
M easuremenls 


Frequency  kc 

Relative  level  (db) 

Pass  191 

Pass  864 

Pass  865 

10 

0 

0 

0 

20 

0 

-0.6 

0 

40 

0 

-0.6 

0 

80 

0 

-0.6 

+0.4 

160 

-2.5 

-3.5 

-2.2 

250 

n.m. 

-15.2 

-16 

350 

.n.m. 

-26 

n.m. 

2.  Continuous  Random  Noise — Some  typi- 
cal results  of  the  channel  12  noise  test  for 
different  values  of  the  received  carrier  power 


are  shown  in  Table  7-3.  The  values  given 
are  the  actual  received  levels ; the  results  are 
generally  in  good  agreement  with  the  ex- 
pected values. 


Table  7-3  —Noise  Test  Results 


Received  carrier 

Psophometric  noise  (pw) 

Pass 

power  dbm 

Expected 

Measured 

number 

-107 

60,000 

70,000 

757 

-105 

40,000 

55,000 

585 

- 104.5 

35,000 

80,000 

772 

-104 

30,000 

28,000 

734 

-104 

30,000 

40,000 

865 

-104 

30,000 

44,000 

881 

-103 

23,000 

31,000 

275 

-103 

23,000 

38,000 

881 

-101 

15,000 

30,000 

275 

-101 

15,000 

18,000 

864 

- 99 

9,000 

14,000 

2550 

3.  Intermodulation  Noise 

(a)  Noise  Loading — For  this  test  pass 
864  was  considered  because  the  carrier  pow- 
er received  from  Nutley  was  almost  constant. 
The  noise  loading  measured  on  channel  12 
is  — 10  dbmO,  which  corresponds  to  the 
normal  loading  of  speech. 

The  thermal  noise  on  the  same  channel 
was  measured  18,000  pw  psoph.  The  total 
unweighted  noise  (thermal  -+-  intermodula- 
tion) with  noise  loading  introduced  on  the 
other  channels  was  —45.5  dbmO,  that  is 
about  16,000  pw  psoph.  Taking  into  account 
the  measurement  accuracy,  we  may  conclude 
that  the  intermodulation  noise  is  insignif- 
icant. 

(b)  Harmonic  Performance— The  re- 
sults of  three  passes  (864,  896,  1066)  are 
shown  in  Table  7-4.  The  two  modulation 
tones  are  22  and  37  kc,  with  different  modu- 
lation factors.  The  considered  intermodula- 
tion and  harmonic  products  are  15  and  44  kc. 


Table  7-4. — Harmonic  Performance 


Tones 

Pass  1066 

Pass  864 

Pass  896 

22  kc 

— 2.5  dbmO 

+4.2  dbmO 

+ 6 dbmO 

37  kc 

—2  dbmO 

+5  dbmO 

+ 5 dbmO 

15  kc 

<-50  dbmO 

— 46  dbmO 

—45  dbmO 

44  kc 

<-50  dbmO 

—42  dmbO 

-43  dbmO 
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For  the  pass  416  we  obtained  the  following 
results : 

Modulation  tones : A ~ 15  kc,  f 2 = 20  kc 

Nominal  peak  deviation  : 200  kc  corre- 
sponding to  +4  dbmO 

Harmonic  and  intermodulation  products  : 

f2  — f1  = 5 kc  . . . . . . , . . — 45,1  dbmO 

2 ft  = 30  kc — 42.3  dbmO 

A + A = 35  kc —46.2  dbmO 

2 / 2 = 40  kc  ....... . — 47.2  dbmO 

In  the  pass  587  we  have  measured 

Modulation  tones : A = 17  kc  /2  = 21  kc 

Rms  deviations:  + 0.2  db  + 5.5  db 
respect  to  88.8  kc 

Harmonic  and  intermodulation  products: 

f2  — A — 4 kc ......... . - — 51  dbmO 

2 A = 34  kc.  . . —43  dbmO 

2 f 2 “ 42  kc .........  . — 51  dbmO 

We  may  conclude  that  the  harmonic  dis- 
tortion is  less  than  1 percent  (40  db)  also 
for  modulation  factor  of  200  percent  (6  db) . 

4.  Insertion  Gain — This  test  is  typical  of 
the  loop  configuration,  in  which  the  earth 
station  itself  checks  the  transmitted  and  re- 
ceived signal  levels. 

Considering  that  the  Fucino  Station  is  not 
equipped  with  the  transmitter,  this  test  is 
not  very  significant.  However*  the  results 
have  been  fairly  good,  as  shown  in  Table  7-5 


5.  Narrow  Band  Demonstrations— A voice 
message  from  Dr.  Dryden  of  NASA  was  re- 
ceived in  a very  high  quality  circuit  on  pass 
275  (18  Jan.  1963).  On  the  same  pass  a 
TTY  message  of  about  1000  words  was  re- 
ceived without  errors.  The  reception  of 
facsimile  pictures  was  very  successful.  The 
photograph  of  President  Kennedy,  repro- 
duced in  Figure  7-7  was  received  on  pass 
757. 

A good  result  was  also  obtained  in  restor- 
ing colors  with  the  three  superimposed  pic- 
tures of  Bridge  Giovanni  da  Verrazzano, 
received  on  pass  997  (21  April  1963). 

Several  other  narrowband  tests  were  per- 
formed very  satisfactorily. 

Wideband  Experiments 

1.  Wideband  Technical  Tests — Although 
the  Fucino  Earth  Station  is  not  designed  for 
wide  band  operation,  TV  test  signals  and 
demonstrations  were  received.  As  a matter 
of  fact,  when  the  Relay  I Satellite  was  used 
for  the  first  time  on  January  4th  in  a com- 
munication experiment,  Fucino  earth  station 
monitored  pass  169,  and  received  on  its 
monitor  the  first  picture  transmitted  from 
Andover. 

Only  in  some  cases,  under  particularly  fa- 
vorable conditions,  was  reception  above  the 


Table  7-5. —Insertion  Gain  Test  Results 


Measured  level  ~(dbm) 


Channel 

Rev. 

416 

Rev. 

750 

Rev. 

757 

Rev. 

772 

Rev. 

825 

Rev. 

826 

Rev. 

897 

Rev. 

2550 

Rev. 

2598 

Rev. 

2806 

Rev. 

value 

1 

-0.6 

0 

0 

+0.3 

-0.4 

-0.3 

0 

+0.3 

0 

-1.0 

-0.17 

2 

-0.3 

0 

-0.2 

0 

-0.4 

0 

0 

+ 1.0 

-1.0 

+0.2 

-0.07 

3 

+0.9 

+1.5 

+ 1.0 

+ 1.5 

+0.4 

+ 1.1 

+ 1.0 

+1,3 

4-1.0 

-0.5 

+0.92 

4 

+0.4 

-0.5 

n.m. 

+ 1.0 

+0,7 

+1.1 

+1.0 

+0.5 

+1.0 

-0.3 

+0.54 

5 

-0.1 

+ 1.5 

+1.1 

+ 1.8 

+ 1.3 

+ 1.7 

+ 1.2 

-0.4 

+0.2 

0 

+0.83 

6 

+0.3 

+ 1.5 

+1.2 

+ 1.8 

+ 1,3 

+ 1.7 

+1.8 

-0.5 

+0.9 

+0.1 

+1.01 

7 

+0.2 

+ 1.0 

+ 1.1 

+ 1.2 

+ 1.4 

+ 1.8 

+1.0 

-0.35 

0 

-0.4 

+0.70 

8 

+0.2 

+ 1.0 

+0.8 

+ 1.8 

0 

+ 1.5 

+ 1.0 

-0.6 

0 

+0.8 

+0.65 

9 

+ 1.2 

+1.0 

+ 1.1 

+1.3 

+0.8 

+ 1.0 

+ 1.8 

-0.6 

+0.2 

+0.8 

+0.86 

10 

+0.2 

+0.3 

+0.2 

+ 1.3 

+0,5 

+0.9 

+0.5 

+0.5 

0 

+ 1.3 

+0.57 

11 

-0.1 

+0.3 

+0.2 

+0.6 

+0.6 

+0.8 

+0.3 

+0.9 

+0.1 

+0.5 

+0.42 

12 

0 

+0.5 

+0.3 

+0.8 

+ 1.2 

+ 1.7 

+0.5 

+0.9 

+0.2 

+ 1.1 

+0.72 
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threshold;  however,  it  was  also  possible  to 
get  some  interesting  results  when  the  signal 
was  near  or  slightly  below  the  threshold. 

Figure  7-8  shows  the  curve  of  the  video 
weighted  S/N  ratio  measured  during  three 
passes  (316,  330,  338)  with  the  received  car- 
rier power  below  the  threshold.  The  slope 
of  this  characteristic  is  about  2.5  db/dbm. 


Figure  7-8.— Weighted  video  noise  vs.  received 
carrier  power. 


Some  interesting  comparison  tests  were 
conducted  with  the  FMFB  video  demodu- 
lator and  a phase-lock  FM  demodulator 
loaned  by  NASA. 

It  was  observed  that  the  phase-lock  de- 
modulator £ives  an  improvement  of  5-6  db 
with  respect  to  a standard  demodulator.  In 
this  way  it  is  possible  to  get  an  acceptable 


Figure  7-9.— Relay  I revolution  330,  video  signal 
received  on  25  January  1963. 


picture  even  if  the  C/N  ratio  is  only  2 db 
(i.e.,  for  C/N— 17  db  in  1 Me  bandwidth), 
especially  if  the  video  signal  has  no  sharp 
edges  in  its  waveform.  In  Figure  7-9  a com- 
parison between  the  two  modulators  is 
shown.  The  upper  waveform  represents  the 
signal  coming  out  of  the  FMFB  demodulator, 
and  the  lower,  from  the  phase-lock  demodu- 
lator. This  last  signal  is  less  noisy  but  it  is 
affected  by  losses  of  lock  in  correspondence 
of  sharp  variations. 

In  order  to  facilitate  the  picture  synchron- 
ization a sync  restorer  was  developed.  The 
sync  restorer  reforms  and  reinserts  the  sync 
pulses  on  incoming  video  signals  affected  by 
noise.  The  effects  of  this  device  are  shown 
in  Figure  7-10. 

2.  Wideband  Demonstrations  — Many  TV 
demonstrations  have  been  received  : some  of 
them  have  been  relayed  by  means  of  a mobile 
microwave  link  to  RAI’s  studios  in  Rome 
where  they  have  been  converted  to  625/50 
TV  standard  and  broadcast  on  Italian  tele- 
vision network  or  recorded  on  magnetic  tape. 

A picture  received  from  Andover  on  pass 
285  (19  January  1963)  is  shown  in  Figure 
7-11. 
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Figure  7-10.— Relay  I revolution  285,  19  January 
1963.  Video  signals  without  restoration  of  sync 
pulses. 

The  photo  presented  in  Figure  7-12  was 
taken  during  pass  1189  (orbital  flight  of 
Mr.  Cooper,  15  May  1963). 


Figure  7-11.— Relay  I revolution  285 — 
19  January  1963. 


Figure  7-12. — Relay  I revolution  1189 — 

15  May  1963. 

Authors.  This  chapter  was  contributed 
by  personnel  of  Telespazio,  Rome , Italy , un- 
der the  overall  direction  of  P.  Fanti,  Teles- 
pazio, 
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The  KDD  Space  Communications  Station 


GENERAL  DESCRIPTION 

In  view  of  the  fact  that  space  communi- 
cation is  one  of  the  most  useful  systems 
enabling  us  to  handle  the  international  com- 
munication, Kokusai  Denshin  Denwa  Co., 
Ltd.  (Japan’s  Overseas  Radio  and  Cable  Sys- 
tem) began  in  1961  the  preparation  of  its 
earth  station  to  promote  the  study  thereof. 
The  site  of  the  station  was  selected  in  Juo- 
machi,  Taga-gun,  Ibaraki-ken,  Japan,  which 
is  150  km  north-northeast  from  Tokyo. 

It  is  enclosed  by  a mountainous  region  on 
the  west  side  so  that  mutual  interference 
between  the  station  and  domestic  microwave 
relay  stations  can  be  avoided.  It  is  opened 
to  the  Pacific  Ocean  in  the  east  side.  The 
location  is  outside  of  normal  airline  routes 
as  seen  in  Figure  8-1  and  is  also  in  a good 
weather  area  free  from  snowfall. 

Figure  8-2  shows  an  airview  of  the  KDD 
Earth  Station  (COMIBA)  at  the  final  stage 
of  construction.  There  are  two  radomes 
separated  by  260  m.  The  big  radome  con- 
tains communication  facilities  including  a 
20-m  diameter  Cassegrain  antenna,  and  the 
small  one  contains  tracking  facilities  having 
a 6-m  diameter  parabola  antenna.  Between 
them  is  a control  building  in  which  a control 
device  and  terminal  equipment  are  provided. 
Two  sets  of  simulators  and  a collimation 
tower  are  installed  on  the  top  of  a mountain 
called  Mt.  Sekison  in  the  southwest  of  the 
station  as  seen  in  Figure  8-3. 

The  tracking  equipment  and  control  device 


were  partly  completed  at  the  end  of  June 
1963,  The  first  series  of  tracking  tests  were 
successfully  carried  out  in  July  1963  by  re- 


Figurk  8-1. — Location  of  KDD  earth  station  showing 
nearby  airline  routes. 
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Figure  8-2. — Aerial  view  of  KDD  earth  station. 


Figure  8-3.— Optical  horizon. 


ceiving  a beacon  signal  emitted  from  a com- 
munication satellite,  Telstar  II,  with  the 
Andover  earth  station  commanding  the  satel- 
lite. After  the  full  completion  of  wideband 
receiving  facilities,  the  first  TV  transmission 
over  the  Pacific  Ocean  was  conducted  from 
Mojave  test  station  of  NASA  to  KDD  earth 
station  on  November  23,  1963  by  using  com- 
munication satellite  Relay  I.  Technical  tests 


were  carried  out  ten  more  times  between  the 
station  and  Mojave  and  Andover  station  via 
Relay  I and  Relay  II. 

In  addition  to  a transmitter  for  Telstar 
which  was  installed  in  November  1963,  a 
transmitter  for  Relay  was  also  completed  on 
March  20,  1964. 

A microwave  link  on  11  Gc  for  TV  trans- 
mission and  cables  for  telephone  communi- 
cation are  to  be  provided  between  the  station 
and  the  existing  networks  connecting  to 
Tokyo  central  communication  offices. 

Details  of  principal  communication  facil- 
ities of  the  station  are  given  in  the  follow- 
ing sections. 


ANTENNA  SYSTEM 

A 20-m  diameter,  azimuth-elevation  mount- 
ed Cassegrain  (parabolic-hyperbolic)  anten- 
na is  used  in  common  for  both  transmission 
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and  reception.  A diplexer  and  filters  are 
employed  to  separate  transmitting  and  re- 
ceiving frequencies.  This  antenna  is  driven 
with  hydraulic  motors  and  is  positioned  by 
slaving  to  the  steering  controller  or  by  man- 
ual controlling.  Both  azimuth  and  elevation 
angles  are  displayed  in  digital  form.  Two 
horn  projectors,  which  are  mutually  inter- 
changeable, are  provided  corresponding  to 
the  projects,  i.e.,  Relay  and  Telstar. 

The  whole  structure  is  covered  with  a 30-m 
diameter  single-walled  soft  radome  to  keep 
the  high  pointing  accuracy  in  any  weather 
condition: 

Details  are  given  as  follows: 

1.  Reflectors 

(a)  Main  dish:  Paraboloid,  20  m in 
diameter,  135°  in  aperture  angle,  3 mm 
(rms)  in  surface  accuracy. 

(b)  Subreflector:  Hyperboloid,  2 m in 
diameter. 

2.  Feeding  system 

(a)  Bandwidth:  25  Me  approximately 
for  4,170  Me  and  6,390  Me,  16  Me  for 

1,725  Me. 

(b)  Isolation  of  transmitting  frequency 
at  the  receiver  terminal:  120  db  approx- 
imately. 

(c)  Polarization:  Righthand  circular 
for  transmission,  lefthand  circular  for  re- 
ception. 

(d)  VSWR : 1.05  at  6,390  Me,  1.14  at 
4,170  Me  and  1,725  Me. 

(e)  Total  loss:  0.5  db  at  6,390  Me,  0.55 
db  at  4,170  Me,  0.3  db  at  1,725  Me. 

3.  Performance  characteristics 

(a)  Gain  : 58  db  at  6,000  Me,  55  db  at 
4,000  Me,  47  db  at  1,725  Me. 

(b)  Front-to-back  ratio:  More  than  60 
db  at  all  frequencies. 

(c)  Noise  temperature:  58°  K on 

4,170  Me  to  the  zenithal  angle  with 
radome. 

4.  Operating  rate 

(a)  Maximum  velocity:  3°/sec  (azi- 
muth), l°/see  (elevation). 

(b)  Maximum  acceleration:  3°/sec2 

(azimuth),  l°/see2  (elevation). 


5.  Radome 

(a)  Form:  Composed  of  3/4  parts  of 
a sphere  30  m in  diameter,  at  the  ground- 
work. 

(b)  Structure:  Single-walled,  made  of 
Vinylon  (synthetic  fabric)  coated  with 
Neoprene  (synthetic  rubber). 

(c)  Loss;  0.2  db  at  4,170  Me,  0.3  db 
at  6,390  Me  (8°  to  16°  K with  angle  of 
elevation  on  4,170  Me.) 

(d)  Wind  load:  Endurable  under  60 
m/sec  in  instantaneous  wind  velocity. 
(The  first  radome  was  split  by  wind  of 
26  m/sec,  on  January  20,  1964.  The  sec- 
ond one  is  being  redesigned.) 

TRANSMITTING  EQUIPMENT 

This  equipment  is  for  transmitting  a high- 
power  frequency-modulated  signal  at  either 
one  of  the  two  frequencies,  6,390  Me  and 

1,725  Me.  In  order  to  minimize  losses  in  the 
feeding  system,  the  main  parts  of  the  equip- 
ment, two  power  amplifiers  and  a common 
modulator,  are  installed  in  a room  on  the 
antenna  mount  which  can  rotate  in  the  azi- 
muth plane  along  with  the  antenna.  Two 
power  supplies  for  the  power  amplifiers  are 
located  on  the  floor  in  the  antenna  tower 
and  are  led  to  the  respective  amplifiers 
through  flexible  cables. 

Details  of  characteristics  are  given  as  fol- 
lows: 

1.  Bandwidth:  25  Me  (1  db  down)  for 
6,390  Me,  16  Me  (1  db  down)  for  1,725  Me. 

2.  Frequency  stability : 1 x 10  n. 

3.  Modulation  : FM  of  ±10  Me  in  devia- 
tion, a baseband  up  to  7.5  Me  with  pre-em- 
phasis, 5%  in  differential  nonlinearity. 

4.  Output  power  : 3 kw  (at  dummy  load) 
for  6,390  Me,  10  kw  for  1,725  Me. 

5.  VSWR : 1.05  (using  isolator) . 

6.  Harmonic  suppression:  55  db. 

7.  Power  requirement:  3-phase,  50  cps, 
200  v,  40  kva  for  6,390  Me  and  60  kva  for 

1,725  Me. 

RECEIVING  EQUIPMENT 

This  equipment  is  for  receiving  and  de- 
modulating a wideband  FM  signal  (carrying 
one  TV  system  or  600  telephone  channels) 
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transmitted  from  a communication  satellite. 
In  order  to  minimize  losses  in  the  feeding 
system,  the  receiver  is  placed  in  a room  on 
the  antenna  mount  which  can  rotate  in  the 
azimuth  plane  along  with  the  antenna. 

The  equipment  consists  of  three  sections, 
a low  noise  amplifier  whose  first  parametric 
amplifier  is  cooled  by  liquid  nitrogen,  a 
TWT  amplifier  with  converter,  and  a de- 
modulator adopting  a negative  feedback 
phase  detector  system  having  an  improve- 
ment of  about  4.5  db  in  threshold  level.  The 
threshold  level  is  — 98  dbm  in  case  of  incom- 
ing noise  of  80°  K into  the  equipment.  Each 
section  has  its  own  power  supply. 

Details  of  the  equipment  are  given  as  fol- 
lows : 

1.  Low  noise  amplifier 

(a)  Center  frequency:  4,170  Me. 

(b)  Bandwidth:  100  Me  (3  db  down). 

(c)  Gain:  32  db 

(d)  Receiver  noise  temperature  : 82°  K. 
(System  noise  temperature  140°  K,  at  ze- 
nith, with  radome) 

2.  TWT  amplifier  with  converter 

(a)  Input  frequency  : 4,170  Me 

(b)  Output  frequency:  7,000  Me 

(c)  Bandwidth:  50  Me  (2  db  down). 

(d)  Gain:  74  db 

(e)  Frequency  stability  of  local  oscil- 
lator: 1 X 10  r*  (15°  C to  45°  C). 

(f)  Conversion  loss:  13  db. 

(g)  ACC  characteristics:  +10  dbm 
±1.5  db  at  the  output  in  a range  of  input 
levels  between  — 49  and  — 31  dbm 

3.  Demodulator 

(a)  Input  frequency : 7,000  Me 

(b)  Input  level  : +10  dbm  ±1.5  db 

(c)  Deviation:  ±8  Me 

(d)  Video  bandwidth  : 4.5  Me 

(e)  Frequency  response  of  video  am- 
plifier: ±1.5  db  (60  cps  to  4.5  Me.) 

(f)  Output  impedance:  75  ohm  ±7.5 
ohm. 

TRACKING  FACILITIES 

The  tracking  facilities  are  to  provide 
precise  angle  information  with  which  the 
20-m  antenna  is  to  be  pointed  to  a communi- 


cation satellite.  With  the  aid  of  approximate 
satellite-orbit  information  pre-calculated  by 
a computer,  it  achieves  initial  acquisition 
by  locking  on  an  SHF  beacon  transmitted 
from  the  satellite,  as  it  appears  on  the  radio 
horizon.  Then  the  equipment  automatically 
tracks  the  satellite,  providing  the  antenna 
with  precise  pointing  information  through 
an  antenna  steering  controller. 

Details  of  these  facilities  are  given  as  fol- 
lows: 

1.  System 

(a)  Tracking  mode:  Simultaneous  lob- 
ing  adopting  amplitude  sensing  monopulse 
technique. 

(b)  Angular  encoding:  Binary  coded 
decimal  code,  six  digits  (least  significant 
digit  being  0 or  5 only) , 

(c)  Accuracy : 0.017°  (RMS) 

2.  Antenna 

(a)  Form:  Azimuth  / elevation  type 

parabola  antenna,  6 m in  diameter,  150° 
in  aperture  angle,  ±3  mm  in  surface 
accuracy. 

(b)  Range  of  rotation:  ±400°  (azi- 
muth), - — 5°  to  90°  (elevation). 

(c)  Drive:  Oil  pressure  drive  of  valve 
control  system. 

(d)  Maximum  velocity  : 8°/sec  (azi- 
muth), l°/sec  (elevation). 

(e)  Maximum  acceleration:  8° /sec2 

(azimuth),  2°/sec2  (elevation). 

(f)  Polarization:  Righthand  or  left- 
hand  circular  polarization  (changeable). 

3.  Radome 

(a)  Form  : Composed  of  3/4  parts  of  a 
sphere  11  m in  diameter. 

(b)  Structure:  Dual-walled,  made  of 
Vinylon  (synthetic  fabric)  coated  with 
Neoprene  (synthetic  rubber). 

(c)  Loss:  0.1  db  at  4,000  Me. 

(d)  Maximum  wind  velocity:  60  m/sec. 

4.  Radio  Receiver 

(a)  Type:  Phase-sensitive  detection 
with  voltage  controlled  oscillator. 

(b)  Minimum  tracking  level:  — 140 
dbm  (bandwidth  150  cps). 

(c)  Noise  figure  : 3 db  (parametric  am- 
plifiers). 
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(d)  AGC  characteristic:  Deviation  less 

than  2 db  at  the  output  in  a range  of  input 

levels  between  —170  and  —90  dbm. 

ANTENNA  STEERING  DIGITAL  CONTROLLER 

The  antenna  steering  digital  controller, 
containing  parametrons  as  its  stable  logical 
elements,  controls  communications  and 
tracking  antennas  at  the  earth  station  in 
time  sharing  control  with  stored  programs. 

Details  of  the  antenna  steering  computer, 
the  main  part  of  this  controller,  are  given 
as  follows : 

1.  Logical  element:  3,600  parametrons,  ex- 
cited by  2.3  Me  quenched  by  25  kc. 

2.  Code : Binary  coded  decimal  as  external 
code,  excess  three  as  internal  code. 

3.  Arithmetic:  Bit  parallel,  digit  serial, 
fixed  decimal  point. 

4.  Operation  times:  0.8  ms.  for  addition 
and  subtraction  50  ms.  max.  for  multipli- 
cation, 54  ms.  max.  for  division. 

5.  Transmission  form:  Parallel. 


6.  Word  construction:  7 decimal  digits  -f 
sign  •==  29  bits. 

7.  Instruction  : One  and  one-half  address, 
41  instructions. 

8.  External  switches:  32. 

9.  Control  system:  Stored  program,  over- 
lapping control,  acceptable  external  inter- 
ruption. 

10.  Memory:  Core  matrix  using  dual  fre- 
quency control,  512  word  capacity, 

11.  Input-output  selector:  Magnetic-mod- 
ulator matrix  using  small  ferrite  toroidal 
cores,  16  input-output  with  29  bit  parallel 
lines  at  the  maximum  speed  of  1,250  words 
per  second. 

12.  Power  requirement:  200  v,  50  cps, 
1 kva. 

Authors.  This  chapter  was  contributed 
by  personnel  of  the  Kokusai  Denshin  Denwa 
Co.  Ltd.  (Japan's  Overseas  Radio  and  Cable 
System ),  Tokyo , Japan , under  cognizance 
of  the  Japanese  Ministry  of  Posts  and  Tele- 
communications. 
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N 66' 10  259  Chapter9 

Results  of  Tests  Performed  with  Relay  I 
at  the  KDD  Space  Communications  Station 


INTRODUCTION 

Wideband  receiving  experiments  were  per- 
formed at  the  Earth  Station  (COMIBA)  of 
Kokusai  Denshin  Denwa  Co.,  Ltd.  (KDD), 
Ibaraki,  Japan. 

As  the  Relay  I satellite  was  expected  to  die 
in  the  middle  of  December  1963,  the  experi- 


ments were  scheduled  to  come  to  an  end 
during  the  first  ten  days  of  the  month,  and 
were  carried  out  immediately  after  the  com- 
pletion of  receiving  facilities  of  the  station, 
Since  the  satellite  did  not  die,  however,  the 
experiments  were  extended  one  more  week. 

Details  of  the  experiments  are  shown  in 
Table  9-1.  The  change  of  the  transmitting 


Table  9-1. — List  of  Wide  Band  Communication  Tests  and  Demonstrations 


Orbit 

Test  period  -UT) 

Contents 

Circuit 

2677 

63  Y 11M  22D,  2027:42-2048 

TV  demonstration  No.  1 

< 

ffl 

j— i 

2678 

22D,  2357:38-0015 

TV  demonstration  No.  2 

2 

2700 

25D,  1904:42-1917:32 

TV  demonstration  No.  3 

o 

2701 

25D,  2249:37-2305:16 

TV  demonstration  No.  4 

t 

2708 

27D,  1959:04-2009 

Test— A2,  Bl,  D2,  D3,  H 

*■"3 

o 

2709 

27D,  2334:02-2347 

Test— A2,  Bl,  Cl,  Dl,  D2,  D3,  H 

2 

2724 

28D,  2139:39-2156 

Test— H 

2 

o 

o 

< 
P q 

t-H 

>rrt 

2731 

29D,  1903:47-1916:06 

Test— A2,  Bl,  D2,  D3,  H 

2762 

12M  3D,  1840:12-1851:00 

Test— Bl,  Cl,  H 

o 

2777 

5D,  1637:45-1649:00 

Test— A2,  Cl,  D2,  D3 

9 

2785 

6D,  1724:41-1736:00 

Test— A2,  Bl,  Cl,  H 

T 

o 

2816 

11D,  1700:37-1713:57 

Test— A2,  Bl,  Cl,  C2,  H 

w 

2839 

13D,  1546:40-1601:01 

Test— A2,  Cl,  C2 

< 

2870 

17D,  1519:21-1528:00 

Test— A2,  Cl 

2 

O 

O 

NOTE:  Performance,  of  command — COM  MO  J (Mojave,  Calif.,  USA).  Transmission — COMMOJ  and  COMAND  (And- 
over, Maine,  USA.) 

Contents  of  TV  Demonstrations: 

No.  l — The  first  official  TV  transmission  from  USA  to  Japan.  Greeting  for  the  first  satellite  communication. 

No.  2 — Record,  life  of  the  late  President  John  F.  Kennedy,  simultaneously  broadcast  in  USA  and  Japan. 

No.  3 — News. 

No.  4 — News,  the  state  funeral  of  the  late  President  John  F.  Kennedy. 
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station  was  due  to  a trouble  with  the  trans- 
mitter at  COMMOJ.  The  duration  of  the 
experiment  per  orbit  was  in  general  15  to  20 
minutes.  As  shown  in  the  table,  TV  demon- 
strations were  made  four  times,  and  techni- 
cal tests  designated  by  the  Relay  communi- 
cation experimental  plan  (Rl-5021)  were 
performed  ten  times, 

POSITION  OF  RELAY  I DURING 
THE  EXPERIMENT 

The  azimuth,  elevation,  slant  range  and 
look  angle  viewed  from  the  earth  station 
(COMIBA)  to  Relay  I at  the  beginning  and 
end  of  the  experiment  are  given  in  Table  9-2. 

EXPERIMENTAL  RESULTS 

Results  of  technical  tests  and  demonstra- 
tions are  summarized  in  Table  9-8. 

Insertion  Gain  Stability  (II— A2) 

This  test  is  to  measure  the  system  insertion 
gain  and  gain  stability  for  baseband-to-base- 


band  television  transmission.  Since  the  ref- 
erence value  of  insertion  gain  variation  in 
a medium  period  (10  seconds)  is  1.0  db,  the 
results  of  measurement  satisfy  the  perform- 
ance objectives. 

Noise  Measurement  (II — B) 

This  test  is  to  determine  the  weighted 
video  signal-to-noise  ratio,  defined  as  the 
ratio  of  the  peak-to-peak  amplitude  of  the 
picture  signal  to  the  rms  amplitude  of  the 
noise  betwen  10  kc  and  3.0  Me  with  the  video 
removed.  The  reference  value  of  S/N  is  43 
db,  so  the  measured  values  in  general  satisfy 
the  performance  objectives. 

Line-Time  Non-Linearity  Distortion  (ll-Cl) 

This  test  is  to  determine  variation  in  am- 
plitude and  phase  of  a level  signal  when  the 
video  level  progresses  from  black  to  white 
within  a line  scan  interval.  The  reference 
value  of  the  m/M  ratio  should  be  greater 
than  0.80.  All  the  values  measured  satisfy 
the  requirement. 


Table  9-2. — Position  of  Relay  I During  the  Experiments 


Orbit 

Azimuth  (deg.) 

Elevation  (deg.) 

Slant  range  (km) 

Look  angle  (deg.) 

Circuit 

B E 

B E 

B E 

B E 

<1 

2677 

66.9-53.2 

31.1-  6.0 

9300-10540 

128-136 

2 

2678 

56.0-66.8 

37.4-  2.2 

7620-  8740 

150-127 

a 

2700 

85.5-68.2 

34.9-25.0 

9030-  9840 

109-122 

8 

2701 

57.3-61.8 

32.2-  4.2 

8300-  9300 

146-132 

t 

2708 

68.0-60.2 

34.6-23.8 

9140-  9740 

126-133 

o 

2709 

58.5-66.3 

35.6-10.7 

7800-  8530 

148-132 

a 

2724 

57.2-58.1 

29.5-  4.3 

8880-  9920 

143-133 

2 

o 

o 

< 

/V*N 

2731 

57.5-50.7 

14.3-  1.2 

10610-11460 

130-132 

)— 1 
ts- I 

2762 

55.8-50.6 

12.6-  0.9 

10800-11580 

2 

o 

2777 

62.8-53.0 

9.4-  1.7 

11200-12060 

9 

2785  1 

59.6-51.8 

13.3-  3.5 

10870-11750 

T 

2816 

57.8-50.0 

12.5-  0.8 

10940-12030 

§ 

2839 

61.3-50.2 

10.5-  0 

10960-12240 

2870 

62.3-55.0 

12.2-  5.6 

10600-11540 

114-119 

o 

o 

NOTES: 

1.  Data— supplied  by  GSFC,  NASA. 

2.  Earth  station — COMIBA. 
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Table  9-3. — Results  of  Measurement  in  Wideband  Communication  Tests 


Orbit 

IIA2 

(db) 

IIBl 

11  Cl 

IIC2 

IID1 

IID2 

IID3 

II  H 

, IV  A 

Circuit 

2T 

T 

Pic. 

Test 
| pat  . 

i 

Gain  1 

Variation 

2677 

-0.14 

4 + 

4 + 

< 

2678 

3- 

4 + 

PQ 
A ^ 

2700 

3- 

4 

Ag 

2701 

3 + 

4 

o o 
■g 

2708 

-0.26 

0.031 

0.021 

4- 

2 

2709 

0 j 

43 

0.893(1) 

0.05 

0 

(2) 

4 

o 

r" ) 

2724 

1 

4 

2731 

+0.12  1 

46 

0.015 

0.33(3) 

4 + /4  — (4) 

< 

2762 

i 

j 

46 

4 

m 

2777 

-0.26 

±0.1 

0.875 

0.045 

0.18(3) 

0.35(3) 

2 
a o 

2785 

0 

±0.1 

43 

0.875(1) 

3 + 

Q ^ 

2816 

0 

(2) 

0.92 

0.9 

j 

(2) 

2839 

-0.4  1 

0.89 

1.12 

< 

2870 

-0.2 

0.9 

<< 

o 

J 

o 

NOTES: 


II  A2  Insertion  gain  stability  (measuring  period — 10  sec) 

II  B1  Signal  to  continuous  random  noise  ratio  in  video  channel 
II  Cl  Line-time  non-linearity  distortion  (rating:  0.  8) 

II  C2  Synchronization  non-linearity  distortion  (allowance:  0.64-1.57) 

II  Dl  Field  time  linear  waveform  distortion  (rating  factor:  0.05) 

II  D2  lane  time  linear  waveform  distortion  (rating  factor:  0.05) 

II  D3  Short  time  linear  waveform  distortion  (rating  factor:  0.05) 

II  H Grade  of  receiving  TV  picture  (test  pattern) 

IV  A Grade  of  receiving  picture  in  TV  demonstration 

1.  Estimated  value. 

2.  Measurement  was  impossible. 

3.  Amplitude  of  transmitted  pulse  seemed  to  be  lower  than  the  specified. 

4.  All  II  H and  IV  A tests  were  conducted  without  emphasis  except  on  Orbit  2731. 

Grade  of  picture  with  emphasis  on  Orbit  2731  was  4 — , worse  than  4+  without  emphasis  on  the  same  pass. 


Synchronization  Non-Linearity  Distortion  (II-C2) 

This  test  is  to  determine  variations  in 
amplitude  of  the  synchronizing  signal  as  the 
video  level  is  switched  from  black  to  white. 
The  measured  value  Sa/Sb  are  within  the 
objective  limits,  which  are  designated  as  the 
reference  values  of  the  ratio  Sa/Sb,  i.e.,  0.64 
to  1.57. 

Field-Time  Linear  Waveform  Distortion  (II— Dl) 

This  test  is  to  determine  the  transient 
response  of  the  system  to  field-time  wave- 
forms. It  was  made  only  on  orbit  2709.  The 
measured  value  is  within  the  performance 
mask  shown  in  paragraph  3.5.1  of  CCIR 
Rec.  267  (Los  Angeles,  1959). 


Line-time  Linear  Waveform  Distortion  (II-D2) 
and  Short-Time  Linear  Waveform  Distortion 
(II-D3) 

These  tests  are  to  determine  distortions 
mainly  due  to  the  video  transmission  char- 
acteristics in  the  medium  frequency  range 
and  in  the  high  frequency  range.  The  meas- 
ured results  satisfy  the  reference  rating 
factor  of  0.05,  except  in  cases  where  ampli- 
tudes of  transmitted  pulses  were  lower  than 
that  specified. 

Television  Test  (II— H) 

This  test  is  to  provide  the  subjective  eval- 
uation of  the  system  performance  and  to 
permit  alignment  of  the  system  for  television 
use. 
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All  tests  were  conducted  without  pre- 
emphasis except  on  orbit  2731.  Almost  all 
of  the  results  were  good  (grade  4)  as  shown 
in  Table  9-3.  The  quality  of  the  received 
pattern  and  picture  was  estimated  accord- 
ing to  the  following  score  adopted  by  NHK 
(Japan  Broadcasting  Corporation) : 

5 — Excellent  (disturbance  undetectable) 

4 — Good  (disturbance  detectable,  but  not 
annoying,  and  tolerable  for  high  quality 
transmission) 

3 — Fair  (disturbance  annoying,  intoler- 
able for  high  quality  transmission) 

2 — Bad  (disturbance  severely  annoying 
and  intolerable  even  for  the  general  serv- 
ice), and 

1 — Unusable  (information  undetectable)  . 
Signs  + and  — to  the  figures  in  Table  9-3 
mean  higher  and  lower  in  grade,  respec- 
tively, compared  with  the  original  figure  in 
the  estimation.  Grade  of  picture  on  orbit 
2731  was  4—  with  emphasis,  whereas  it  was 
4+  without  emphasis  on  the  same  orbit. 


Received  Signal  Power  (II — F) 

The  measurement  of  the  received  signal 
power  is  one  of  the  most  fundamental 
measurements  for  all  performances  of  the 
communication  systems.  This  was  made  in 
parallel  at  the  same  time  as  the  experiments 
mentioned  previously.  The  signal  power  re- 
ceived by  the  20-meter  antenna  is  represented 
in  Table  9-4  in  values  at  the  beginning,  in 
the  middle,  and  at  the  end  of  each  orbit. 

It  is  found  that  the  average  received  sig- 
nal power  closely  relates  to  look  angle  of  the 
satellite.  Figure  9-1  shows  the  above  rela- 
tion, slant  ranges  on  orbits  2677  to  2870 
being  normalized  to  a range  of  10,000  km. 

In  case  of  a low  signal  power  received, 
degree  of  spin  fading  in  general  tends  to 
increase.  The  fading  rate  of  spin  fading  was 
2.58  cps, 

The  result  of  measurement  of  4080  Me 
beacon  signal  by  a 6-meter  antenna  is  shown 
in  Table  9-5. 


Table  9-4. — Received,  Signal  Power  and  System  Noise  by  20-Meter  Antenna 


Orbit 

Signal  power  (dbm) 

Spin 

fading, 

p-to-p 

(db) 

Noise 

temp. 

zenith 

(km) 

P is  pereipitation; 
h is  humidity. 
Weather  cond. 

Circuit 

B 

M 

E 

P 

t(°C) 

h(%) 

2677 

-92 

-92.5 

-93.5 

5 

160* 

0 

12 

80 

PQ 

f- i 

2678 

-95 

-92.5 

-91 

6 

145 

0 

15 

72 

o 

2700 

-91.5 

-91 

-94 

3 

147 

0 

10 

83 

f o 

2701 

-96.5 

-94.5 

-93 

7-2 

144 

0 

14 

65 

+“5 

o 

2708 

-92 

-93 

-91.5 

3 

140 

0 

4 

69 

§ 

2709 

—98 

-92 

-91 

8-3 

139 

0 

9 

60 

§ 

2724 

-92.5 

-92.5 

-91.5 

4-2 

138 

0 

5.5 

75 

8 

2731 

-92 

-90.5 

-94.5 

3-4 

137 

0 

3 

72 

c 

2762 

-92.5 

-93 

-93.5 

3 

140 

0 

9 

85 

PQ 

F- ( 

2777 

-91.5 

-93 

-94 

3 

140 

0 

8 

95 

2785 

-92 

-91 

-91.5 

4-3 

138 

0 

4 1 

82 

2816 

-94 

-94 

-94 

5-7-5 

136 

0 

6 

95 

< 

2831 

-93.5 

-95 

-95 

4 

136 

0 

5 

75 

§ 

2870 

-92 

-92 

-93.5 

3 

137 

0 

5 

80 

8 

NOTES: 

1.  Effective  noise  bandwidth  of  communication  receiver  is  8 Me. 

2.  Rate  of  spin  fading  was  2.68  cps. 

3.  *Radome  was  wet. 
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Figure  9-1. — Look  angle  directivity  of  Relay  I an- 
tenna on  4170  Me  measured  on  revolution  2677 
to  2870  (November  23  to  December  18,  1963). 


TV  DEMONSTRATION  (IV-A) 

As  shown  already  in  Table  9-1,  TV  dem- 
onstrations were  held  four  times  during-  the 


period  of  this  experiment.  Grades  of  re- 
ceived pictures  in  these  demonstrations  are 
shown  in  Table  9-3.  Estimation  of  test  pat- 
tern was  always  better  than  that  of  the 
picture,  because  some  original  pictures  trans- 
mitted were  not  of  high  quality.  Quality  of 
audio  signal  was  not  always  so  good,  being 
markedly  affected  by  spin  fading.  Figures 
9-2  and  9-3  are  typical  of  TV  pictures  re- 
ceived at  the  first  demonstration  between  the 
U.S.A.  and  Japan  on  orbit  2677  on  November 
23,  1963. 

NOISE  TEMPERATURE 

System  noise  temperature  of  the  commu- 
nication facility  was  measured  immediately 
after  each  revolution  at  the  zenithal  angle. 
It  is  shown  in  Table  9-4  with  the  meteoro- 
logical conditions.  The  value  was  about 
140°K  in  the  average  during  the  period  of 
the  experiment. 


Table  9-5 .—Received,  Signal  Power  by  6-Meter  Antenna 


Orbit 

Signal  power  (db) 

Spin  fading,  p-to-p  (db) 

Remarks 

Circuit 

B 

M 

E 

2677 

-126 

-125 

-125 

PQ 

t— i 

2678 

-128 

-126 

-128 

§ 

2700 

-119 

-118 

-119 

Not  accurately  measured 

Due  to  a large  time  constant  employed  in 

8 

2701 

-120 

-117 

-116 

the  recording  circuit 

3 

2708 

-120 

-118 

-116 

§ 

2709 

-120 

-115 

-116 

§ 

2724 

-123 

-122 

-122 

O 

O 

< 

2731 

-120 

-120 

-126 

PQ 

2762 

-120 

-120 

-130 

10  db  drop  in  the  last  1 min 

a 

2777 

-120 

-124 

-125 

7 

4 db  drop  at  1638:03 

^ 8 

2785 

-122 

-122 

-121 

7 

Q 

2816 

-120 

-123 

-127 

6 

4 db  drop  at  1701 :28 

fc 

2839 

-117 

-117 

-129 

6 

4 db  drop  at  1554:05 

§ 

2870 

-116 

-120 

-122 

7 

4 db  drop  at  1522:02 

8 

NOTES: 

1.  All  measurements  were  made  on  4080  Me  beacon  signal. 

2.  Bandwidth  of  receiver — 500  cps. 

3.  Minimum  signal  level  for  tracking — —138  dbm. 
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Figure  9-2. — TV  picture  received  at  COMIBA,  first  demonstration  between  U.S.A.  and  Japan. 


COMPARISON  BETWEEN  CALCULATED  AND 
MEASURED  DATA 

A comparison  between  the  calculated  and 
measured  orbital  data  on  each  orbit  is  given 
in  Table  9-6.  Figure  9-4  shows  azimuth  and 
elevation  errors  in  orbital  prediction  for 
Belay  I with  angle  of  elevation.  Elevation 
error  in  general  increases  with  decrease  of 
elevation  with  a tendency  indicated  by  a 
calibration  curve  given  by  NASA,  whereas 
azimuth  error  is  comparatively  small  and 
independent  of  angle  of  elevation. 

CONCLUSION 

As  the  experiment  was  limited  to  a short 
period,  it  is  difficult  to  draw  a decisive  con- 
clusion, but  the  experimental  results  may 
be  summarized  as  follows: 

1.  As  regards  the  insertion  gain  stability 


(II-A)  and  various  transmission  distortions 
(II-C1,  II-C2,  II-D1,  II-D2  and  II-D3), 
the  measured  values  almost  always  satisfy 
the  reference  values.  In  other  words,  it  may 
safely  be  said  that  the  transmission  charac- 
teristics of  satellite-borne  relay  instruments 
and  the  ground-based  receiver  were  fairly 
good. 

2.  The  received  power  (II-F)  fluctuated, 
in  general,  within  a range  of  —91  to  — 94 
dbm.  Expressing  the  random  noise  (II-B) 
in  a ratio  of  S/N,  these  values  varied  in  a 
range  from  43  to  46  db  and  satisfied  the 
reference  value  of  43  db.  The  spin  fading 
varying  from  3 to  7 db  peculiar  to  a satellite, 
however,  was  observed  frequently. 

3.  The  quality  of  TV  video  was  fairly  good 
generally,  i.e.,  3 or  4 expressed  in  the  score 
adopted  by  NHK. 

4.  Audio  signals  were  not  very  good  and 
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Figure  9-3. — TV  picture  received  at  COMIBA,  first  demonstration  between  U.S.A.  and  Japan. 


ELEVATION  IN  DEGREES 


Note — Cross  marks  among  above  errors  gave  a good  coincidence  with 
prediction  by  shifting  time  by  8 seconds. 

Figure  9-4. — Azimuth  and  elevation  error  in  orbital 
prediction  for  Relay  I measured  during  revolutions 
267V  to  2870. 


an  effect  of  spin  fading  was  markedly  ob- 
served. 

5.  The  comparison  between  the  predicted 
and  measured  orbital  data  was  generally 
good,  and  there  was  no  serious  problem  con- 
cerning satellite  tracking. 

6.  As  regards  the  phase-lock  demodulator 
of  the  receiver,  there  still  remain  several 
technical  problems,  e.g.,  no  improvement 
took  place  by  the  use  of  emphasis  for  TV 
reception. 

7.  As  there  was  little  rain  during  the 
period  of  experiment,  the  meteorological  ef- 
fect on  noise  temperature  was  not  made 
clear. 

Authors.  This  chapter  was  contributed 
by  personnel  of  the  Kokusai  Denshin  Denwa 
Co.  Ltd.  (Japan’s  Overseas  Radio  and  Cable 
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Table  9-6. — Comparison  Between  Calculated  and  Measured 
Orbital  Data 


Calculated 

A Az 

A El 

Orbit 

Azimuth 

(degrees) 

Elevation 

(degrees) 

(degrees) 

(degrees) 

Circuit 

2677 

65.72 

54.58 

30.00 

10.00 

-0.13 

-0.09 

-0.14 

-0.21 

2678 

59.41 

30.00 

-0.01 

-0.30 

PQ 

64.85 

10.00 

0 

-0.36 

►H 

8 

o 

2700 

75.17 

30.00 

-0.03 

-0.02 

68.16 

25.00 

-0.02 

-0.03 

2701 

57.67 

60.85 

30.00 

10.00 

-0.10 

-0.10 

+0.02 

-0.08 

2708 

64.10 

60:80 

30.00 

25.00 

-0.08 

-0.04 

-0.01 

-0.01 

3 

2709 

60.44 

30.00 

-0.12 

+0.13 

o 

65.04 

15.00 

-0.08 

-0.08 

2724 

57.24 

58.05 

25.00 

5.00 

-0.03 

-0.03 

+0.04 

-0.14 

2731 

57.96 

15.00 

0 

-0.01 

52.44 

5.00 

-0.02 

-0.13 

< 

2762 

54.48 

10.00 

-0.09 

-0.13 

m 

52.24 

5.00 

-0.07 

-0.24 

►— t 

i 

2777 

62.12 

9.00 

-0.10 

-0.14 

56.72 

5.00 

-0.08 

-0.20 

o 

2785  I 

56.54 

10.00 

-0.10 

-0.15 

52.85 

5.00 

-0.06 

-0.24 

1 

Q 

£ 

2816 

59.98 

15.00 

-0.09 

-0.12 

52.42 

5.00 

-0.06 

-0.42 

c 

2839 

60.57 

10.00 

-0.02 

-0.04 

s 

54.80 

5.00 

-0.04 

-0.12 

o 

a 

2870 

59.40 

56.08 

10.00 

7.00 

-0.01 

-0.02 

-0.06 

-0.10 

NOTES: 

1.  A = calculated  value — measured  value  by  6-meter  antenna. 

2.  Accuracy  of  measurement  is  ±0.01  degree. 

3.  Correction  by  effect  of  atmospheric  refraction  is  not  contained. 


System ),  Tokyo,  Japan,  under  cognizance  of 
the  Japanese  Ministry  of  Posts  and  Telecom- 
munications. 
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The  Goonhilly  Downs  Space  Communications  Station 


INTRODUCTION 

The  initial  purpose  of  the  Post  Office  satel- 
lite system  earth  station  at  Goonhilly  Downs, 
Cornwall,  was  to  obtain  information  on  the 
performance  of  experimental  communica- 
tion satellite  systems;  such  information  will 
be  of  great  importance  to  the  designers  of 
systems  for  commercial  operation.  To  facil- 
itate this  end,  the  United  Kingdom  and  USA 
Governments  prepared  and  signed,  in  Febru- 
ary 1961,  a Memorandum  of  Understanding 
regarding  collaboration  between  the  British 
Post  Office  and  the  United  States  National 
Aeronautics  and  Space  Administration 
(NASA)  on  the  testing  of  experimental 
communication  satellites  to  be  launched  by 
NASA.  The  first  phase  of  the  tests  covered 
projects  Telstar  and  Relay,  both  using  active 
satellites. 

The  understanding  with  the  United  States 
covers  full  interchange  of  technical  informa- 
tion, makes  clear  that  the  collaboration  re- 
lates to  experimental  tests  only  and  is  not 
concerned  with  commercial  exploitation,  and 
does  not  preclude  the  use  of  the  Post  Office 
experimental  earth  station  for  tests  outside 
the  cooperative  projects  outlined.  Similar 
agreements  between  the  United  States  and 
France,  Federal  Republic  of  Germany,  Italy, 
and  Brazil  have  since  been  approved. 

The  Goonhilly  satellite  system  earth  sta- 
tion has  been  planned  and  equipped,  not  only 
for  participation  in  projects  Telstar  and 
Relay  and  similar  experimental  projects,  but 


also  with  a view  to  possible  operational  use 
at  a later  date. 

The  Station  and  its  Facilities 

The  site  of  the  Goonhilly  radio  station, 
Figure  10-1,  has  been  chosen  to  be  particu- 
larly suitable  for  transatlantic  communica- 
tion in  view  of  its  westerly  location ; also,  its 
southerly  latitude  is  convenient  for  satellites 
in  equatorial  orbits.  It  is  remote  from  the 
majority  of  microwave  links  in  the  United 
Kingdom,  so  that  frequency-sharing  with 
such  links  is  facilitated.  The  horizon  angles 
are  predominantly  negative  with  a maximum 
positive  value  of  about  0.5°,  so  that  satellite 
orbits  involving  low  angles  of  elevation  can 
be  used.  The  main  station  building  is  located 
near  the  center  of  the  site,  the  aerial  being 
close  to  one  corner,  The  site  is  large  enough 
to  accommodate  additional  aerials  for  experi- 
mental purposes  or  later  for  operational  use. 

The  present  equipment  for  participation 
in  projects  Relay  and  Telstar  includes  the 
following  facilities : 

1.  An  85  ft  diameter  paraboloidal-reflector 
dish  aerial  with  full  steerability  over  the 
hemisphere  above  the  horizontal  plane. 

2.  Means  for  steering  the  aerial  automat- 
ically from  predicted  orbital  data. 

3.  A 10  kw  transmitter  operating  at  1725 
Me  for  project  Relay. 

4.  A 5 kw  transmitter  operating  at  6390 
Me  for  project  Telstar. 

5.  Low-noise  receiving  equipment  for  the 
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4170  Me  communication  and  4080  Me  beacon 
signals  transmitted  by  the  Telstar  and  Relay 
satellites. 

6.  Terminal  equipment  for  transmission 
and  reception  of  multi-channel  telephone, 
telegraph  and  television  signals. 

7.  Video  and  multi-channel  telephone  and 
telegraph  links  to  the  trunk  network. 

8.  Support  communications,  including  tele- 
printer and  voice  circuits  to  the  USA,  for 
the  transmission  of  data  and  other  informa- 
tion concerning  the  tests. 

The  Steerable  Aerial 

The  steerable  dish  aerial,  Figure  10-2,  is 
designed  for  operation  up  to  at  least  8000 
Me,  at  which  frequency  the  beamwidth  is 
only  about  0.1°.  Since  the  satellites  move 
rapidly  across  the  sky,  the  aerial  is  required 
to  track  a rapidly  moving  satellite  to  within 
a few  minutes  of  arc.  The  aerial  rotates  as 
a whole  on  a turntable  to  provide  changes  in 
azimuth,  and  the  dish  is  rotated  about  a 
horizontal  axis  for  elevation  changes.  In 


Figure  10-2 —The  steerable  antenna. 
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addition,  small  variations  (up  to  a degree) 
of  beam  direction  are  possible  by  remotely- 
controlled  movements  of  the  feed  at  the  focus 
of  the  dish.  The  feed  for  the  dish  is  in  the 
plane  of  the  aperture,  an  arrangement  which, 
with  appropriate  feed  design,  reduces  the 
levels  of  the  minor  lobes  of  the  radiation 
diagram.  This  is  of  great  importance  since, 
unless  the  minor  lobes  are  very  small,  noise 
can  be  picked  up  from  the  terrain  surround- 
ing the  aerial  which  would  significantly  de- 
grade the  signal-to-noise  ratio  of  the  very 
weak  signals  received  from  a satellite. 

Since  the  aerial  is  not  protected  by  a ra~ 
dome,  stability  under  high  wind  conditions 
is  achieved  by  a heavy,  sturdy  construction 
using  reinforced  concrete  supporting  mem- 
bers, and  powerful  driving  motors.  The 
weight  of  the  movable  part  of  the  aerial 
structure  is  some  870  tons,  and  the  structure 
is  designed  to  operate  in  wind  velocities  up 
to  65  mph. 

The  aerial  is  automatically  steered,  using 
predicted  orbital  information  derived  from 
the  NASA  worldwide  network  of  “Mini- 
track” stations,  one  of  which  is  operated  by 
the  Department  of  Scientific  and  Industrial 
Research  at  Winkfield,  near  Slough.  This 
data  is  received  in  digital  form  over  a tele- 
printer circuit  from  the  NASA  Goddard 
Space  Flight  Center,  U.S.A.;  it  has  to  be 
processed  in  an  electronic  computer  at  Goon- 
hilly  to  give  the  aerial  steering  instructions 
in  the  appropriate  form.  In  order  to  correct 
for  small  errors  in  prediction  and  errors 
arising  from  other  causes,  the  manually-  or 
automatically-controlled  aerial  beam  swing- 
ing facility  previously  referred  to  is  used. 
This  operates  from  the  4080  Me  beacon  sig- 
nal transmitted  by  the  satellite;  by  causing 
the  aerial  beam  to  scan  circularly  over  a few 
minutes  of  arc,  information  is  thereby  de- 
rived which  enables  the  appropriate  correc- 
tions to  be  applied,  initially  on  a manual 
basis  and  later  automatically  on  a lock-on 
basis.  A spiral  scan  of  up  to  1°  is  available, 
if  required,  to  aid  in  satellite  beacon  acquisi- 
tion, but  has  not  in  practice  been  found 
necessary. 


Immediately  behind  the  reflector  dish  there 
are  two  apparatus  cabins;  one  of  these  ac- 
commodates the  travelling-wave  maser  am- 
plifier operating  at  4170  Me.  The  necessary 
low  temperatures  for  this  device  are  obtained 
by  using  liquid  helium  and  liquid  nitrogen, 
evaporated  helium  being  recovered,  stored, 
and  compressed  by  equipment  housed  in  a 
cabin  on  the  horizontal  turntable. 

A cabin  behind  the  reflector  also  accom- 
modates filters  for  separating  the  satellite 
beacon  signal  from  the  satellite  communica- 
tion signal,  so  that  the  latter  may  be  ampli- 
fied separately  in  the  maser.  Means  for 
determining  the  system  noise-temperature 
are  also  provided.  Waveguide  assemblies 
with  rotary  and  flexible  joints  connect  the 
feed  at  the  focus  of  the  reflector  with  equip- 
ment in  the  cabins  at  the  back  of  the  reflector 
and  on  the  aerial  turntable. 

On  the  horizontal  turntable  is  an  apparatus 
room  accomodating  the  high-power  stages  of 
the  Relay  and  Telstar  transmitters,  the  low- 
power  drive  equipment  for  the  transmitters, 
and  equipment  for  translating  signals  to  and 
from  radio  frequency  and  an  intermediate 
frequency  of  70  Me. 

A cylindrical  enclosure  in  the  middle  of 
the  apparatus  room  accommodates  loops  of 
flexible  cable  used  to  make  connection  be- 
tween the  equipment  in  the  moving  appa- 
ratus room  and  fixed  equipment  in  the  main 
control  building  and  elsewhere.  Rotation  of 
the  turntable  around  the  vertical  axis  is 
restricted  to  ± 250°,  so  that  cable  loop 
rather  than  slip-rings  can  be  used.  Beneath 
the  horizontal  turntable  and  beyond  it  there 
is  a chamber  and  tunnel  for  the  inter-con- 
necting cables. 

Main  Control  Building 

In  the  main  buildings,  Figure  10-3  and 
10-4,  from  which  all  experiments  are  con- 
trolled, the  principal  rooms  are  equipped 
with: 

1.  control  and  experimental  apparatus, 

2.  telegraph  equipment, 

3.  computer  and  data  processing  equip- 
ment, 
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4.  aerial  steering  equipment  and  precise 
time  and  frequency  standards, 

5.  aerial  steering  console, 

6.  auxiliary  test  apparatus,  including  tele- 
cine and  television  equipment. 

Control  and  Experimental  Apparatus  Room 

A console  is  provided  for  the  control  of 
experiments,  Figure  10-5,  enabling  the  avail- 
ability of  the  transmitting,  receiving  and 
test  equipment  and  the  aerial  to  be  deter- 
mined at  all  times,  together  with  voice  com- 
munication facilities  to  the  operating  staff 
concerned.  A similar  console  is  provided  for 
aerial  steering  purposes,  the  latter  including 
visual  presentation  on  cathode-ray  tubes  of 
the  incoming  wave  direction  from  the  satel- 
lite. 

The  equipment  in  this  room  includes : 

1.  Baseband  and  intermediate-frequency 
equipment  forming  part  of  the  transmitting 
and  receiving  communication  system 

2.  Receivers  for  the  “off-the-air”  reception 
of  television  broadcast  signals 

3.  Test  equipment 

4.  Magnetic  tape  and  other  recorders 

5.  Satellite  beacon  signal  receivers 

6.  Video  and  multi-channel  telephony  ter- 
minals 


Telegraph  Room 

Separate  teleprinters  are  provided  for: 

1.  Operational  traffic  with,  and  reception 
of  orbital  prediction  data  from  the  Goddard 
Space  Flight  Center,  USA 

2.  Communication  with  the  satellite  ground 
station  at  Andover,  Maine,  USA,  on  a pri- 
vate wire  basis 

3.  Telex  facilities 

4.  The  receipt  of  local  meteorological  in- 
formation (to  enable  aerial  safety  precau- 
tions to  be  taken  if  necessary). 

Computer  Room 

The  prinicpal  item  in  this  air  conditioned 
room,  Figure  10-6,  is  a National-EUiot  Type 
803  electronic  computer.  As  noted  earlier, 
orbital  data  is  received  in  digital  form  from 
the  USA ; this  data  provides  predicted  X,  Y, 
Z versus  time  coordinates  at  one-minute  in- 
tervals and  is  recorded  on  punched  tape.  The 
computer  processes  the  data  to  provide  aerial 
steering  instructions  also  in  punched-tape 
form,  the  output  information  for  each  one- 
second  interval  including  time,  azimuth  bear- 
ing, rate  of  change  of  azimuth,  elevation, 
rate  of  change  of  elevation  and  the  slant 
range  to  the  satellite.  The  computer  program 
also  makes  allowance  for  changes  of  appar- 
ent satellite  bearing  due  to  atmospheric  re- 
fraction. Telegraph-type  tape  readers  and 
data  recording  equipment  are  provided  for 
processing  the  received  orbital  data  and  for 
the  preparation  of  the  serial  steering  tapes. 

Figure  10-7  shows  the  manner  in  which 
instructions  from  the  computer  are  passed 
into  the  aerial  steering  equipment  in  the  form 
of  a punched  paper  tape.  This  tape  is  “read” 
by  the  equipment  one  second  in  advance,  one 
second  at  a time.  The  tape-reading  equip- 
ment positions  the  tape  for  each  reading 
operation  from  the  single  “cycle  start”  hole 
marking  the  commencement  of  each  se- 
quence. The  time  to  which  the  start  of  each 
sequence  refers  is  punched  into  the  tape  as 
hours,  minutes  and  seconds  in  a code  which 
can  be  read  by  inspection.  This  is  followed 
by  instruction,  in  binary  code,  defining  the 
azimuth  and  elevation  directions  required 
at  that  time. 


Figure  10-3.— External  view  of  control  building. 
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HEM 

DESCRIPTION 

1 

AERIAL  No.  1 CONTROL  EQUIPMENT 

2 

AERIAL  No . 2 CONTROL  EQUIPMENT 

3 

CONTROLLERS  CONSOLE 

4 

CIRCUIT  SWITCHING  CONSOLE 

5 

BEAM  SWINGING  EQUIPMENT 

6 

TX  AND  RX  SUPERVISORY  CONSOLE 

7 

INLAND  MICROWAVE  LINK  EQUIPMENT 

8 

TIME  EQUIPMENT 

9 

EQUIPMENT  RACK  FOR  CIRCUIT  SWITCHING  CONSOLE 

10 

M1SC.  APPARATUS  RACK 

11 

D.P.U.  RECEIVERS 

12 

BASEBAND  AND  IF  EQUIPMENT 

13 

RECORDERS 

14 

WHITE  NOISE  TEST  EQUIPMENT 

15 

M1SC.  TEST  EQUIPMENT 

16 

T.V.  TEST EQUIPMENT 

17 

CABLE  TERMINATING  RACK 

18 

CARRIER  AND  TRANSMISSION  EQUIPMENT 

19 

DISTRIBUTION  FRAME 

20 

VOLTAGE  REGULATOR  FOR  ITEM  18 

21 

CONTROL  CONSOLE  AERIAL  No.  1 

22 

CONTROL  CONSOLE  AERIAL  No.  2 (PROPOSED) 

23 

CABLE  TERMINATIONS  AERIAL  No.  2 

24 

Ml  SC.  APPARATUS  RACK 

Figure  10-4. — Plan  view  of  control  building. 


Figure  10-5. — -The  control  console  suite. 


With  the  exception  of  a short  portion  of 
tape  giving  a tape  identification  number,  also 
in  a simple  code  which  can  be  read  by  inspec- 
tion, the  remainder  of  the  one-second  se- 
quence contains  a series  of  increments  to  the 
initially  demanded  aerial  directions  which 
enables  the  equipment  to  keep  the  driving 
motors  running  at  the  correct  rates  for  the 
| next  demanded  position  to  be  reached  with 
| minimum  error. 

Aerial  Steering  Apparatus  Room 

The  apparatus  in  this  room  enables  a com- 
| parision  to  be  made  between  the  aerial  steer- 
ing input  data  in  digital  form  and  digital 
signals  derived  from  readout  units  on  the 


Figure  10-6.- — Computer  room. 


THE  GOONHILLY  DOWNS  SPACE  COMMUNICATIONS  STATION 


677 


Figure  10-7. — Steering  instructions  on  a punched 
paper  tape. 


aerial  azimuth  and  elevation  drives,  thus 
enabling  the  servo  feedback  loops  to  be  com- 
pleted, 

A temperature-controlled  annex  to  this 
room  accommodates  quartz-crystal  oscillators 
of  high  accuracy  which,  in  conjunction  with 
time  signal  radio  receivers,  provide  a pre- 
cise time  source  adjustable  to  Universal 
Time  2. 

Steering  tapes  are  received  from  the  com- 
puter room  for  application  to  the  input  of 
the  aerial  steering  apparatus,  initiation  of 
aerial  movement  being  dependent  upon  syn- 
chronism between  time  as  recorded  on  the 
tape  and  as  generated  by  the  precise  time 
source. 


every  precaution  has  been  taken  to  ensure 
safety  of  personnel,  by  the  provision  of  me- 
chanical and  electrical  interlocks,  it  has  been 
considered  desirable  that  those  controlling 
the  movement  of  the  aerial  should  have  full 
visual  surveillance.  The  aerial  is  floodlit  at 
night. 

Though  aerial  steering  is  fully  automatic, 
it  has  been  arranged  so  that  the  mechanical 
and  electrical  conditions  of  the  aerial  are 
displayed  to  an  operator  who  can  observe 
fault  conditions,  apply  corrections  and  over- 
ride the  automatic  system  should  any  abnor- 
mality occur. 

Power  Supplies 

The  power  supply  for  Goonhilly  radio  sta- 
tion is  obtained  at  11  kv  from  an  electricity 
substation  four  miles  distant,  together  with 
an  alternative  supply  from  Helston,  eight 
miles  distant.  Both  supplies  are  via  overhead 
lines,  except  for  a distance  of  some  400  yards 
on  site,  which  is  via  underground  cable. 
Changeover  facilities  are  provided  to  enable 
the  second  supply  to  be  used  in  the  event  of 
failure  of  the  first.  The  present  supply  ca- 
pacity is  450  kva;  this  will  ultimately  be 
increased  to  800  kva. 

The  supply  terminates  at  three  trans- 
formers. At  the  aerial  site  a 250  kva  trans- 
former supplies  power  for  driving  motors 
and  a 100  kva  transformer  supplies  power 
for  electronic  equipment,  etc.  The  third 
transformer,  at  the  control  building,  is  of 
100  kva  to  provide  power  for  the  whole 
building. 

Because  of  the  very  small  risk  of  failure 
of  both  electricity  supplies  simultaneously, 
and  because  of  the  large  amount  of  power 
required,  no  local  standby  power  is  provided 
except  that  derived  from  a 50  volt  battery 
to  operate  emergency  lighting,  clocks  and 
telephones. 


Aerial  Steering  Console  Room  (Control  Tower) 

The  aerial  steering  console  room  in  the 
Control  Tower,  Figure  10-8  has  been  de- 
signed and  placed  to  give  uninterrupted  visi- 
bility over  the  whole  of  the  site.  Though 


System  Checking  Facilities 

It  is  necessary  to  be  able  to  check  period- 
ically the  mechanical  alignment  of  the  aerial, 
the  electrical  bearing  of  the  aerial  beam  and 
the  performance  of  the  transmitting  and  re- 
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Figure  10-8.— Aerial  steering  position  in  the  control  tower. 


ceiving  equipment,  independently  of  a satel- 
lite. For  these  purposes  the  aerial  is  fitted 
with  a boresight  telescope  for  ranging  on 
local  and  distant  points  of  accurately  known 
bearing.  In  addition,  there  has  been  installed 
at  Leswidden,  some  21  miles  away,  apparatus 
capable  of  simulating  the  Relay  and  Telstar 
satellites,  thus  enabling  comprehensive  over- 
all system  tests  including  tests  of  the  aerial 
gain  and  radiation  diagram  to  be  made. 
Measurements  of  the  aerial  tracking  charac- 
teristics are  made  using  the  radio  star  Cas- 
siopeia A. 

Transmission  Equipment 

The  radio  transmission  equipment  at  a 
satellite  system  earth  station  differs  marked- 
ly from  that  used  in  conventional  radio-relay 
systems,  for  the  following  reasons: 


1.  The  need  for  high-power  earth  station 
transmitters — with  outputs  of  kilowatts  in- 
stead of  a few  watts. 

2.  The  very  small  signal  power,  of  the 
order  of  micro-microwatts,  received  from 
satellites,  and  the  resulting  low  signal-to- 
noise  ratio  in  the  intermediate-frequency 
passband  of  the  ground  station  receiver. 

3.  The  use  of  circularly  polarized  waves, 
as  compared  with  linear  polarization  in  most 
radio-relay  systems. 

4.  The  presence  of  Doppler  frequency 
shifts  on  the  received  signals  due  to  the  mo- 
tion of  the  satellite  relative  to  the  earth 
stations. 

The  earth  station  transmission  equipment, 
shown  in  block  schematic  form  in  Figure 
10-9,  enables  signals  to  be  transmitted  in  a 
5 Mc-wide  baseband.  Such  a baseband  could 
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Figure  10-9. — Earth  station  transmission  equipment,  block  diagram. 


accommodate  several  hundreds  of  telephony 
channels  or  a television  signal  of  up  to  625- 
line  definition  or  high-speed  data  transmis- 
sions. Multi-channel  telegraphy  and  fac- 
simile signals  could  alternatively  be  trans- 
mitted in  the  telephony  channels. 

The  baseband  input  signals  are  applied  to 
a 70  Me  frequency-modulator,  the  wide-devi- 
ation  output  of  which  is  then  passed  to  up- 
conversion  equipment  for  translation  to  the 
desired  radio  frequency,  a low-power  driver 
stage  and  a high-power  transmitting  ampli- 
fier. As  the  ground-station  transmitter  fre- 
quencies for  Relay  and  Telstar  are  very  dif- 
ferent, being  1725  and  6390  Me  respectively, 
separate  up-conversion,  driver,  and  high- 
power  equipment  are  provided,  for  the  two 
projects.  The  Telstar  high-power  transmit- 
ter uses  a 5 kc  traveling- wave  tube  developed 
specially  by  the  Services  Electronics  Re- 
search Laboratory,  while  that  for  Relay  uses 
an  Eimac  10  kw  multi-cavity  klystron  ampli- 
fier. 

Signals  received  from  a satellite  include  a 
CW  beacon  emission  on  4080  Me  for  track- 


ing purposes,  as  well  as  a communications 
signal  on  or  near  4170  Me.  In  view  of  the 
limited  bandwidth  of  the  maser  used  as  a 
low-noise  first-stage  amplifier  in  the  receiver, 
only  the  communications  signal  is  amplified 
in  the  maser  though  both  signals  are  ampli- 
fied in  a second-stage  comprising  a low-noise 
traveling  wave  tube.  The  beacon  signal  is 
selected  by  a waveguide  filter  and,  after  fre- 
quency-changing, is  applied  to  a narrowband 
beacon  receiver. 

The  communications  signal  is  frequency- 
changed  in  a down-converter  to  an  IF  of  70 
Me  and,  is  then  applied  to  one  of  three  FM 
demodulators.  One  demodulator  is  of  the 
conventional  limiter/discriminator  type  and 
is  suitable  for  use  only  when  the  received 
signal-level  is  relatively  high.  The  second 
demodulator  is  of  the  frequency-modulation 
negative-feedback  type;  it  is  particularly 
suitable  for  multi-channel  telephony.  The 
third  demodulator  comprises  a tuned  circuit 
which  instantaneously  follows  the  frequency 
of  maximum  signal  energy,  the  bandwidth 
being  automatically  adjusted  according  to 
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the  received  signal  level.  The  second  and 
third  demodulators  reduce  the  effective  noise 
bandwidth  and  thus  enable  relatively  weak 
signals  to  be  satisfactorily  received. 

Tests  and  Testing  Equipment 

Although  objective  tests,  i.e.,  measure- 
ments of  transmission  characteristics  be- 
tween earth  station  “baseband  input,,  and 
“baseband  output”  via  the  satellite,  can  pro- 
vide information  on  which  the  suitability  of 
the  system  for  any  form  of  signal  transmis- 
sion can  be  assessed,  it  is  nevertheless  of 
value  also  to  make  subjective  assessments. 
To  this  end  facilities  have  been  provided  so 
that  either  one-way  television  pictures  or 
two-way  telephony  signals  can  be  transmitted 
for  demonstration  purposes. 

One-way  transmission  tests  via  a satellite 
are  carried  out  either  between  pairs  of  sim- 
ilarly equipped  earth  stations  or  “in  loop.” 
In  the  latter  arrangement,  the  signals  trans- 
mitted from  a given  earth  station  are  re- 
ceived back  at  the  same  station. 

Under  two-way  transmission  conditions 
both  of  a cooperating  pair  of  earth  stations 
energize  the  same  satellite  at  slightly  differ- 
ent frequencies.  For  two-way  telephony 
transmission  the  Relay  satellite  includes  two 
separate  receivers  operating  on  slightly  dif- 
ferent frequencies,  but  in  the  Telstar  satel- 
lite there  is  only  a single  wideband  receiver. 
When  working  on  a two-way  basis  via  the 
Telstar  satellite  the  transmitter  powers  of 
the  cooperating  earth  stations  must  be  con- 
tinuously adjusted  so  that  the  signal  levels 
at  the  input  to  the  satellite  receiver  are  es- 
sentially equal  regardless  of  the  distances  of 
the  respective  earth  stations  from  the  satel- 
lite. 

Many  items  of  test  equipment  have  been 
provided  for  the  objective  tests.  These  per- 
mit the  measurement  of  insertion-gain  sta- 
bility, selective  fading,  noise  levels,  television 
signal  transmission  characteristics,  telephone 
and  telegraph  signal  transmission  character- 
istics, received  carrier  power  levels,  Doppler 
frequency  shifts  and  receiving  system  noise- 
temperatures,  etc.  For  multi-channel  te- 


lephony tests,  white-noise  signals  simulating 
up  to  600  telephone  channels  are  available. 

In  the  case  of  subjective  telephony  tests, 
baseband  equipment  has  been  provided  so 
that  twelve  two-way  circuits  assembled  in 
the  ranges  12-60  kc  or  60-108  kc  may  be  set 
up.  For  subjective  tests  of  television  trans- 
mission, telecine  equipment  and  high-grade 
picture  monitors,  suitable  for  406,  525,  and 
625-line  standards  have  been  provided. 

For  telephony  demonstrations  the  audio 
circuits  are  connected  to  the  Post  Office  trunk 
telephone  network.  The  audio  circuits  are 
also  available  for  carrying  out  telegraphy, 
facsimile  and  data  transmission  tests  via  the 
Post  Office  Telegraph  Branch  Laboratories 
in  London.  In  the  case  of  television  demon- 
strations, the  video  circuit  is  connected  to 
the  Post  Office  television  distribution  net- 
work, use  being  made  when  necessary  of  line- 
standards  conversion  equipment  provided  by 
the  broadcasting  organizations.  The  compre- 
hensive network  of  inland  communications 
provided  for  such  demonstrations  and  tests 
is  shown  in  Figure  10-10. 

Conclusion 

The  station  will  undoubtedly  play  a usef  ul 
part  in  the  acquisition  of  the  information 
and  experience  needed  for  the  design  and 
construction  of  successful  operational  satel- 
lite communication  systems.  It  is  of  interest 
to  note  that  the  whole  of  the  equipment  and 
facilities  provided,  including  the  large  steer- 
able aerial,  are  of  British  design  and  manu- 
facture, with  the  exception  of  Eimac  klystron 
used  in  the  Project  Relay  transmitter. 

Acknowledgments 

The  thanks  of  the  authors  are  due  to  their 
colleagues  in  the  Post  Office  who  contributed 
to  the  planning,  design  and  provision  of  the 
Goonhilly  satellite  communication  radio  sta- 
tion, and  in  particular  to  the  staff  of  the 
S.  W.  Region  of  the  Post  Office  for  their  help 
in  the  installation  phase. 

Tribute  is  also  due  to  the  British  telecom- 
munications industry  for  its  part  in  provid- 


THE  GOONHILLY  DOWNS  SPACE  COMMUNICATIONS  STATION 


681 


Figure  10-10. — Support  communications  for  tests  and  demonstration. 
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Introduction 

The  choice  of  the  basic  type  of  aerial  for 
a satellite  communication  ground  station  is 
of  major  importance  in  view  of  its  influence 
on  the  overall  performance,  cost  and  time  to 
complete  the  installation. 

In  the  case  of  the  Post  Office  satellite  com- 
munication earth  station  at  Goonhilly  Downs, 


Cornwall,  a decision  was  made  early  in  1961 
to  use  an  85-foot  diameter  steerable  para- 
boloidal dish  aerial,  without  a radome,  for 
tests  with  the  Telstar  and  Relay  and  other 
communication  satellites. 

Tests  with  smaller  paraboloidal  dish  aerials 
with  the  feed  in  the  aperture  plane  had 
shown  that  a satisfactory  electrical  perform- 
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ance  could  be  obtained,  and  experience  with 
the  250-foot  diameter  radio-telescope  at  Jod- 
rell  Bank  had  shown  that  the  mechanical 
problems  could  be  overcome. 

An  important  factor  in  the  present  case 
was  the  limited  time — less  than  one  year — 
available  for  the  design,  manufacture,  con- 
struction and  testing  of  the  aerial. 

Design  Requirements 

To  specify  for  design  purposes  the  require- 
ments for  such  an  aerial,  it  was  necessary  to 
know  the  frequency  range  and  aerial  gain 
required,  the  feed  arrangements  and  radia- 
tion patterns  needed,  the  orbits  of  the  satel- 
lites and  the  proposed  method  of  tracking, 
the  nature  of  the  ground  on  which  the  aerial 
was  to  be  built  and  the  weather  under  which 
it  must  operate. 

Radio  waves  in  the  spectrum  1000  to  10,- 
000  Me  are  suitable  for  satellite  communi- 
cation and  the  Post  Office  decided  for  the 
Goonhilly  aerial  to  limit  its  interest  to  the 
range  up  to  8000  Me.  In  the  case  of  Projects 
Telstar  and  Relay  it  had  been  decided  that 
the  critical  satellite-to-ground  link  would 
operate  at  about  4000  Me,  the  ground-to- 
satellite  link  operating  at  about  6000  Me 
(Telstar)  and  1700  Me  (Relay).  System 
study  showed  that  an  aerial  gain  of  the  order 
of  55  to  60  db  was  desirable  at  4000  Me  and 
an  85-ft  diameter  90°  dish  was  chosen,  giv- 
ing a theoretical  gain  of  58  db. 

By  careful  design  of  the  feed  unit  mounted 
at  the  focus  in  the  aperture  plane,  the  noise 
picked  up  on  minor  lobes  could  be  minimized. 
As  this  would  mean  some  fall-off  in  illumina- 
tion toward  the  edge  of  the  reflector,  the 
profile  tolerance  could  be  eased  in  the  outer 
zone.  The  tolerance  ± A/16,  i.e.,  ± 8/16  inch 
in  this  case,  was  applied  to  the  central  area 
out  to  50-foot  diameter,  and  twice  this  toler- 
ance between  50-foot  and  85-foot  diameter. 
These  tolerances  were  to  be  maintained 
under  all  weather  conditions  and  angles  of 
elevation.  Combined  feed  units  for  transmit- 
ting and  receiving  were  expected  to  weigh 
several  hundred  pounds,  and  to  hold  them 
at  the  focus,  quadrupod  legs  were  favored 


straddling  the  center  of  the  reflector,  leaving 
it  free,  if  desired,  for  later  conversion  to 
Cassegrain  feed.  Model  tests  showed  that 
the  shadow  east  by  four  legs  90°  apart  and 
springing  from  the  bowl  on  a 35-foot  diam- 
eter circle  would  be  acceptable.  Two  of  these 
legs  at  90°  and  270°  could  provide  direct 
waveguide  access  to  apparatus  cabins  at  the 
back  of  the  bowl  near  its  horizontal  axis 
while  the  other  two  legs  at  0°  and  180° 
could  carry  other  services. 

To  cater  for  all  likely  orbits  (circular  and 
elliptical)  in  equatorial,  polar  or  inclined 
planes  and  to  follow  satellites  with  periods 
as  short  as  two  hours  and  heights  of  only  a 
few  hundred  miles  at  perigee,  the  aerial  had 
to  provide  hemispherical  coverage  and  be 
able  to  move  rapidly.  For  the  experimental 
aerial  the  velocity  and  acceleration  were 
limited  to  2°  per  sec  and  1.33°  per  sec  re- 
spectively, sufficient  to  track  satellites  not 
passing  through  or  near  the  zenith.  The 
beam-width  at  4000  Me  being  only  0.2°  at 
the  half  power  points,  a tracking  accuracy 
of  one-third  the  beam-width  was  called  for. 
Steering  was  to  be  from  punched  tape  de- 
rived from  orbital  data  transmitted  to  the 
Goonhilly  Radio  Station  from  the  Goddard 
Space  Flight  Center,  U.S.A.  Time  informa- 
tion was  to  be  provided  by  a high  precision 
quartz  clock  with  the  facility  for  checking 
against  radio  time  signals. 

The  aerial  site  on  Goonhilly  Downs,  Corn- 
wall, is  on  the  highest  part  of  the  Lizard 
peninsula  with  all-round  freedom  from  ob- 
struction above  1/2°  elevation.  According 
to  Geological  Survey  Department,  records 
the  whole  area  for  at  least  half  a mile  beyond 
the  site  boundaries  rests  on  solid  rock  over 
1000  ft  deep  which  forms  the  largest  single 
mass  of  Serpentine  in  Cornwall.  The  rock 
is  tough,  has  indistinct  cleavage,  and  is  a 
very  suitable  base  for  reinforced  concrete 
foundations  on  which  to  mount  a precision 
instrument. 

A study  of  wind  records  for  the  Lizard 
Peninsula  for  the  last  forty  years  showed 
that  although  high  winds  peaking  up  to  90 
mph  for  short  periods  could  be  expected 
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almost  annually,  higher  figures  were  most 
unlikely,  and  winds  above  100  mph  virtually 
unknown.  Using  a gust  factor  of  1.4  appro- 
priate to  the  terrain  it  was  therefore  required 
that  the  aerial  should  have  the  following 
properties : 

1.  Be  fully  operational  in  winds  up  to  55 
mph  mean  X 1-4  = 77  mph  peak. 

2.  Be  structurally  and  mechanically  suit- 
able for  working  in  winds  up  to  65  mph 
mean  x 1.4  = 91  mph  peak. 

3.  Safely  withstand  winds  up  to  75  mph 
mean  x 1.4  — 105  mph  peak. 

Design  Considerations 

If  a radome  is  used  to  protect  an  aerial 
from  the  weather,  the  aerial  itself  may  be 
relatively  light  in  construction  and  the  drive/ 
control  requirements  will  be  correspondingly 
less  stringent.  However,  energy  losses  in 
receiving  through  the  radome,  especially 
when  the  latter  is  wet,  may  lead  to  a sig- 
nificant increase  of  the  overall  noise  tem- 
perature of  the  receiving  system.  The  cost 
of  a light  aerial  with  a radome  may  also 
be  greater  than  that  of  a heavier  and  more 
stable  unprotected  aerial. 

The  alternative  approach,  which  was 
adopted  for  the  Goonhilly  aerial,  is  to  use 
a heavy,  stiff  and  stable  supporting  structure 
together  with  a well  balanced,  stiff  dish  to 
minimize  deflections  in  high  winds,  driven 
by  motors  normally  working  well  below  their 
maximum  capacity.  The  application  of  these 
principles  has  resulted  in  an  aerial  of  good 
accuracy  and  radio  efficiency,  at  relatively 
low  cost. 

So  far  as  wind  speeds  are  concerned  the 
first  requirement  is  that  the  aerial  must  be 
designed  to  survive  the  maximum  winds  it 
can  be  expected  to  encounter.  Next,  consid- 
eration must  be  given  to  the  maximum  wind 
speed  at  which  the  aerial  must  remain  fully 
operational,  i.e.,  maintain  accuracy  of  shape 
when  moving  at  full  speed  and  within  the 
specified  following  accuracy.  The  torque  re- 
quired to  rotate  the  aerial  in  wind  is  pro- 
portional to  the  square  of  the  wind  speed, 
and  the  driving  horsepower  is  proportional 


to  the  product  of  torque  and  angular  speed, 
so  that  size  of  the  driving  motors  will  in- 
crease rapidly  as  the  full  operational  speed 
maximum  wind  requirement  is  raised.  It  was 
not  considered  necessary,  at  least  initially, 
to  provide  drives  able  to  continue  rotating 
the  Goonhilly  aerial  at  full  speed  in  winds 
gusting  above  77  mph  with  the  dish  at  the 
angles  corresponding  to  maximum  wind 
torque. 

The  expected  satellite  orbits  were  such 
that  operational  speeds  in  excess  of  2°  per 
second  were  unlikely  except  when  a satellite 
passes  over  or  nearly  over  the  earth  station 
zenith. 

The  selection  of  the  azimuth  speed  re- 
quired careful  consideration  since  this  speed, 
combined  with  the  selected  maximum  oper- 
ational wind  speed,  determines  the  required 
horsepower  of  the  azimuth  motor.  The  com- 
bined horsepower  of  the  azimuth  and  ele- 
vation drives  must  also  be  considered  with 
respect  to  the  total  electrical  power  supply 
to  be  provided.  For  most  of  the  time  the 
aerial  was  expected  to  be  operating  in  winds 
considerably  below  the  maximum  and  at 
speeds  below  its  maximum  operational  speed, 
i,  e.,  the  drive  horsepower  normally  required 
would  be  very  much  below  the  maximum 
which  may  be  occasionally  required.  If  the 
specified  maximum  azimuth  speed  or  the 
maximum  operational  wind  speed  were 
higher  than  was  strictly  essential,  the  elec- 
trical power  requirements  and  the  capacities 
of  the  various  transformers,  switches,  etc., 
would  be  correspondingly  increased. 

The  azimuth  speed  was  fixed  at  2°  per  sec 
giving  a theoretical  maximum  drive  motor 
size  of  75  hp.  The  torque/speed  calculations 
for  elevation  motion,  after  allowing  for  un- 
balanced moving  parts,  gearbox  losses,  etc., 
indicated  that  a 100  hp  drive  motor  was  re- 
quired. In  practice,  both  elevation  and  azi- 
muth drives  were  eventually  standardized 
at  100  hp. 

The  accuracy  with  which  the  aerial  can  be 
made  to  follow  a satellite  when  under  auto- 
matic control  depends  on  the  following  fac- 
tors: 
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1.  The  accuracy,  rigidity  and  stability  of 
the  structure  as  a whole  and  of  its  major 
component  parts. 

2.  The  accuracy  with  which  the  actual 
angular  position  in  azimuth  and  elevation 
can  be  determined  at  any  time. 

3.  The  reduction  to  a minimum  of  any 
backlash  or  uncontrolled  motion  in  the 
drives. 

4.  The  achievement  of  a stable  and  accu- 
rate but  fast-responding  servo-control  sys- 
tem for  the  drive  motors. 

5.  The  provision  of  reliable  and  accurate 
control  signals  to  control  the  servo  in  accord- 
ance with  the  demands  of  the  satellite  orbit 
to  be  tracked. 

Having  regard  for  these  factors,  and  for 
the  fact  that  orbital  information  would  be 
available  already  processed  into  demanded 
azimuth  and  elevation  angles  at  given  times, 
the  following  basic  decisions  were  made  to 
enable  the  required  tracking  accuracy  to  be 
achieved : 

1.  The  dish  supporting  structure  would  be 
of  reinforced  concrete,  having  a relatively 
high  moment  of  inertia  so  as  to  give  a steady- 
ing effect  in  gusty  winds  and  high  structural 


stability  against  deflections  from  all  wind 
pressures. 

2.  Shaft  angular  position  determination 
would  be  by  use  of  16-bit  optical  shaft 
encoders,  giving  a basic  resolving  power  of 
1 in  65536  (approx.  20  seconds), 

3.  The  servo-control  system  would  be  of 
the  digital  type,  receiving  incoming  de- 
manded angle  information  on  punched  tape, 
comparing  the  demanded  angle  for  each  mo- 
tion with  the  actual  angle  and  finally  passing 
an  analog  error  signal  to  the  servo-system. 

The  results  of  the  dependent  structural, 
mechanical  and  electrical  decisions  emanat- 
ing from  the  basic  decisions  described  above 
are  detailed  in  the  following  paragraphs. 

General  Description  of  the  Aerial 

The  general  arrangement  of  the  aerial  is 
shown  in  Figure  10-11,  and  the  components 
are  described  below. 

The  Dish 

Both  the  structure  and  the  membrane 
plating  of  the  dish  are  of  steel.  The  mem- 
brane is  an  8-gauge  Corten  sheet,  having 
good  corrosion  resistant  properties,  individ- 
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Figure  10-11. — General  arrangement  of  the  antenna. 
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ual  plates  being  screwed  to  the  supporting 
structure  and  then  continuously  welded  to 
give  good  electrical  continuity.  Steel  was 
chosen  as  giving  the  optimum  combination 
of  good  strength  and  rigidity,  and  relatively 
low  co-efficient  of  expansion  with  the  mini- 
mum cost. 

The  balancing  of  the  dish*  is  such  that  the 
natural  tendency  of  the  dish  upper  and  lower 
edges  to  droop  downwards  as  the  dish  moves 
from  the  zenith  toward  the  horizon  is  auto- 
matically opposed  by  forces  in  the  balance- 
weight  supporting  structure.  A drainage 
system  is  provided  for  removal  of  rainwater, 
and  snow  may  be  removed  by  depressing  the 
dish.  The  provision  of  a de-icing  system  for 
an  installation  in  southwest  Cornwall  was 
considered  unnecessary  in  view  of  the  gen- 
erally favorable  weather  conditions. 

There  are  two  steel  cabins  built  into  the 
structure  behind  the  dish  for  housing  radio 
apparatus  as  near  to  the  focus  as  possible. 

The  dish  is  supported  on  a pre-stressed 
horizontal  concrete  beam  via  four  large  split 
roller  bearings  of  the  self -aligning  type,  one 
of  the  center  pair  of  these  being  arranged 
to  take  axial  thrust.  The  elevation  optical 
shaft  angle  encoder  is  driven  directly  from 
the  thrust  bearing  by  an  arm  and  pin  ar- 
rangement. 

The  Dish  Supporting  Structure 

The  dish  supporting  structure  comprises 
a horizontal  concrete  beam  supported  in  turn 
by  three  reinforced  concrete  portal  frames 
the  outer  two  of  which  were  precast  and 
lifted  into  'position,  and  the  inner  frame 
cast  in  situ.  These  portal  frames  stand  on  a 
circular  reinforced  concrete  turntable  base, 
which  also  carries  a large  cabin  housing 
radio  apparatus  and  accommodating  the 
main  cable-turning  device.  The  latter  enables 
connections  to  be  made  between  equipment 
in  the  moving  part  of  the  structure  and  fixed 
equipment  elsewhere  without  using  slip- 
rings.  The  concrete  cabin  is  fully  screened 
with  continuous  copper  sheeting. 

The  lower  fixed  portion  of  the  mount  is 


also  of  reinforced  concrete,  taken  down  to 
the  rock. 

Azimuth  Mount 

The  moving  part  of  the  azimuth  mount  is 
carried  on  54  tapered  rollers,  running  be- 
tween an  upper  and  lower  track  of  manga- 
nese steel,  the  tracks  being  42  ft  6 in.  in 
diameter,  pre-assembled  and  accurately  ma- 
chined to  the  correct  conical  taper  as  com- 
plete rings.  The  rollers  are  carried  in  a built 
up  circular  frame  held  in  position  by  27 
tubular  spokes  with  a central  hub  revolving 
round  a fixed  center  pivot.  The  hub  is  carried 
on  the  center  pivot  by  a heavy  spherical 
roller  bearing,  and  a second  similar  but 
larger  bearing  on  the  pivot  locates  the  mov- 
ing part  of  the  mount  about  the  pivot.  The 
arc  of  travel  in  azimuth  is  ± 250°  from  true 
south  providing  a 140°  overlap  on  the  azi- 
muth circle.  Located  vertically  on  the  fixed 
center  pivot  post  is  a rigid  tubular  tower 
structure  on  top  of  which  the  body  of  the 
azimuth  shaft  angle  encoder  is  carried.  The 
rotating  disk  of  this  encoder  is  driven  from 
the  rigid  concrete  roof  of  the  turntable  cabin 
previously  mentioned.  It  is  thus  a feature 
of  the  design  that  both  encoders  are  mounted 
with  their  axes  on  the  relevant  axis  of  rota- 
tion of  the  instrument  and  are  driven  from 
the  axes  of  rotation. 

The  rotating  part  of  the  azimuth  mount 
is  fitted  round  its  periphery  with  46  teeth 
which  engage  with  a 5 in.  pitch,  cranked-link 
roller  driving  chain  of  accuracy  0.015  per- 
cent on  length  and  140  tons  breaking  load. 
This  form  of  drive  was  chosen  to  avoid  the 
use  of  large  gear  wheels  or  toothed  racks 
while  providing  greater  capacity  for  resist- 
ing transient  shocks.  The  chain  is  provided 
with  tensioning  sprockets  on  both  sides  of 
its  free  length  ; tension  can  be  adjusted  read- 
ily by  screwing  the  sprocket  mounting  blocks 
in  or  out  in  slides.  The  driving  sprocket  is 
mounted  on  the  vertical  output  shaft  of  the 
final  bevel  gear  box;  heavy  steel  frames  set 
in  the  concrete  floor  carry  an  outrigger  bear- 

* Husband  & Company  Provisional  Patent  No. 
12807/61, 
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ing  for  the  drive  sprocket  and  support  the 
tension  sprocket  assemblies.  The  moving  part 
of  the  aerial,  weighing  approximately  900 
tons,  moves  silently  and  smoothly  at  all 
speeds,  less  than  2 hp  being  required  to 
rotate  the  aerial  at  full  operational  speed  in 
conditions  of  no  wind. 

The  azimuth  final  bevel  gear  box  is  8 ft 
6 in.  high  and  is  preceded  by  a triple-reduc- 
tion double-helical  unit.  The  overall  reduc- 
tion ratio  from  drive  motor  to  aerial  is 
3000:1  and  all  couplings  are  of  the  oil-filled 
gear  type.  The  chain  has  an  automatic  lubri- 
cation system,  and  phosphor  bronze  slide 
supports  under  the  whole  of  its  free  length. 
There  is  also  a combined  automatic  greasing 
system  for  the  108  spherical  roller  bearings 
in  the  taper  rollers,  the  two  center  pivot 
bearings,  and  for  the  manganese  steel  track 
surfaces. 

Elevation  Mechanical  Drive 

The  bowl  is  rocked  over  its  100°  arc  in 
elevation  by  a steel  connecting  rod  attached 
to  a large  nut  on  a 4-start  10  1/2-inch  outside 
diameter  vertical  screw,  32  ft  long  over  the 
screwed  portion.  The  nut  is  split  and  has  ad- 
justment to  enable  backlash  to  be  eliminated. 

The  screw  is  located  inside  a fabricated 
steel  box  and  is  carried  in  bearings  at  its 
upper  and  lower  ends.  The  screw  box  is  at- 
tached to  the  revolving  part  of  the  concrete 
mount  and  the  center  concrete  portal  frame 
at  its  lovfer  end,  and  its  upper  end  is  attached 
to  a concrete  cantilever  built  out  at  right 
angles  to  the  horizontal  prestressed  concrete 
beam.  The  screw  is  driven  at  its  lower  end 
by  a single  reduction  worm  box,  preceded  by 
a single- reduction  double-helical  box;  the 
overall  reduction  between  motor  and  dish 
being  again  3000:1.  The  reduction  ratio  of 
the  screw,  nut  and  connecting  rod  system 
itself  is  181.5:1.  This  form  of  elevation  drive 
avoids  the  use  of  large  gear  wheels  or  heavy 
circular  racks  for  the  final  drive,  allows  the 
dish  to  be  supported  by  a number  of  bearings 
along  the  full  length  of  the  supporting  struc- 
ture, eliminates  backlash  and  gives  complete 
rigidity  in  the  highest  winds. 


Azimuth  and  Elevation  Electrical  Drives 

The  two  identical  100  hp  dc  driving  motors 
for  azimuth  and  elevation  are  of  the  traction 
type  with  skew  slots,  fan  cooling,  and  a tach- 
ometer generator  attached  to  the  non-driving 
end  of  the  shaft.  Each  motor  has  a top  speed 
of  1000  rpm  at  480  volts,  full  load  current 
of  160  amps  can  be  continuously  sustained 
in  the  stalled  condition,  and  smooth-speed 
range  is  720  :1.  The  couplings  between  the 
motors  and  the  first  gearboxes  also  carry 
brake  drums  on  each  of  which  two  solenoid 
operated  brake  shoes  operate.  The  azimuth 
motor  shaft  is  equipped  with  a manually 
operated  disk  brake  for  parking.  Each  of 
the  two  motors  has  its  own  separate  Ward 
Leonard  motor-generator  set,  mounted  side 
by  side  in  a house  built  at  the  side  of  the 
mount;  the  same  enclosure  houses  the  two 
azimuth  gearboxes  and  the  azimuth  drive 
motor.  The  Ward  Leonard  room  also  contains 
the  ac  panel  for  the  two  sets  and  a dc  desk 
for  manual  control  of  both  aerial  motions. 
One  part  of  the  Ward  Leonard  room  has 
been  separated  off  and  houses  helium  recov- 
ery plant  and  storage  dewars.  The  room  is 
entirely  shielded  with  copper  sheeting  to  all 
walls,  roof  and  floor  and  copper  gauze  over 
the  windows. 

The  Ward  Leonard  system  and  servo-loop 
are  orthodox  but  the  speed  range  of  720 :1  is 
considerably  greater  than  that  normally  used 
in  this  class  of  plant.  The  servo-amplifiers 
and  control  gear  are  located  in  the  main  con- 
trol building  approximately  1/4  mile  from 
the  motor-generator  sets. 

Control  System 

The  digital  control  system  is  fully  transis- 
torized and  there  is  a separate  system  for 
each  motion.  The  aerial  can  be  driven  from 
the  control  desk  either  manually  or  under 
automatic  control  from  a punched  tape  (Fig- 
ure 10-12).  When  under  automatic  control, 
motion  commences  when  the  tape-start  time 
and  actual  time  coincide.  Thereafter,  de- 
manded angle  information  read  from  the 
tape  is  stored,  passed  to  an  arithmetic  unit, 
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CYCLE  5TART  SIGNAL 
1 HOURS 
MINUTES 1 
SECONDS 


TIME  (t-  1)  SECONDS 


> DEMANDED  AZIMUTH  POSITION  FOR  TIME  t 


DEMANDED  ELEVATION  FOR  TIME  1 


DATA  (SUNT  RANGE) 

INCREMENTS  OF  AZIMUTH  UP  TO  (t  + 1/5)  SECONDS 
INCREMENTS  UP  TO  (t  + 2/5)  SECONDS 
INCREMENTS  UP  TO  (t  +3/5)  SECONDS 
INCREMENTS  UP  TO  (t  + 4/5)  SECONDS 
INCREMENTS  UP  TO  ft  +1)  SECONDS 


/SIMILAR  INCREMENTS  FOR  ELEVATION 


TAPE  IDENTIFICATION  CODE 
CYCLE  START  SIGNAL 


SPROCKET  HOLES 


Figure  10-12. — A section  of  control  tape. 


and  then  on  to  the  comparator  unit,  which 
also  receives  a statement  of  the  actual  angu- 
lar position  from  the  16-bit  optical  shaft 
angle  encoder.  The  difference  between  de- 
manded and  actual  angle  is  ultimately  con- 
verted to  analog  form  and  fed  into  the 
servo-amplifier  equipment  which  responds 
accordingly.  There  is  also  a facility  whereby 
the  differential  (rate  of  change)  of  error  is 
used  to  eliminate  hunting  and  overshooting 
by  reducing  the  rate  at  which  the  error  is 
reduced  as  the  value  of  the  error  moves 
towards  zero. 

The  aerial  control  desk  (Figure  10-13) 
carries  digital  and  analog  displays  of  actual 
position,  a digital  display  of  demanded  posi- 
tion, and  manual  speed  controls  for  both 
motions,  together  with  drive-motor  voltage 
and  current  meters.  When  the  aerial  is  under 
automatic  (tape)  control  the  normal  speed 
controls  change  their  function  and  can  be 
used  to  apply  a positive  or  negative  correc- 


tion to  the  motion  so  that  the  actual  angular 
position  of  the  aerial  is  the  selected  amount 
in  front  of  or  behind  the  position  demanded 
by  the  tape.  The  desk  also  carries  wind-speed 
and  direction  instruments,  motor  start/stop 
controls  and  colored-lamp  signaling  systems 
indicating  the  state  of  all  safety  interlocks 
of  vital  parts  of  the  drive  equipment.  There 
is  also  a digital  display  of  control-clock  time 
and  another  of  the  time  on  the  tape  corres- 
ponding to  the  displayed  demanded  angles. 
If  synchronism  between  clock  and  tape  time 
is  lost,  the  aerial  stops  at  the  last  demanded 
position.  The  control  desk  also  carries  signal- 
lamp  systems  indicating  the  condition  of  the 
drive  brakes,  drive  motor  fans  and  lubrica- 
tion systems  on  both  motions  and  also  red 
warning  lights  indicating  that  the  limit  of 
travel  has  been  reached  in  either  direction 
on  either  motion. 

In  addition  to  lighting  the  red  signal  lamp, 
operation  of  a limit  switch  at  the  end  of  the 
arc  of  travel  also  switches  off  the  driving 
power  on  that  motion  and  so  stops  the  motion. 
To  restart,  a button  in  a special  locked  cabi- 
net must  be  operated,  when  the  aerial  will 
automatically  move  out  a certain  distance 
from  the  limit  switch  and  then  stop,  after 
which  normal  driving  procedure  may  be  re- 
sumed. 


Calibration  and  Testing 

Profile  measurements  on  the  completed 
dish  were  made  with  slip  gauges  against  two 
accurate  templates,  one  for  the  inner  area 
and  a second  for  the  outer  zone.  About  1000 
measurements  were  plotted  on  probability 
graph  paper  and  showed  99  percent  of  the 
measurements  within  the  tolerances  specified 
with  random  distribution  of  error. 

Before  the  dish  was  moved  from  its  posi- 
tion as  built  with  axis  pointing  to  the  zenith, 
an  optical  telescope  was  fitted  in  one  of  the 
cabins  behind  the  dish  with  its  axis  truly 
vertical  within  0.2  minutes.  This  then  became 
the  90°  reference  condition  for  the  elevation 
encoder.  With  the  dish  set  to  60°,  45°  and 
0°  in  turn  by  the  encoder,  theodolite  checks 
were  made  of  the  angle  of  the  peripheral 
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Figure  10-13. — Antenna  control  desk. 


plane,  and  agreement  obtained  to  ± 15  sec- 
onds. 

The  azimuth  zero  on  a true  south  bearing, 
and  checks  of  the  azimuth  setting  accuracy 
were  obtained  by  viewing  known  points  at 
5 to  15  miles  range  through  the  telescope 
fitted  to  the  dish.  The  true  bearings  of  those 
points  were  computed  by  the  Ordnance  Sur- 
vey Department  to  an  accuracy  better  than 
one  second. 

First  indications  that  the  finished  aerial 
would  point  accurately  were  obtained  from 
successive  transit  observations  through  the 
optical  telescope  of  Alpha  Ursa  Major. 
Smooth  curves  of  the  azimuth  and  elevation 
angles  against  time  as  this  star  moved  across 
the  sky,  showed  that  under  calm  conditions 


a tracking  accuracy  of  the  order  of  one  min- 
ute could  be  expected. 

When  radio  equipment  became  available 
for  testing  the  aerial,  the  horizontal  radia- 
tion diagram  was  obtained  by  measuring  the 
incoming  signal  strength  from  a 4000-Mc 
transmission  from  a test  site  at  Leswidden 
some  21  miles  from  Goonhilly.  The  measured 
beamwidth  was  found  to  be  13  minutes,  com- 
pared with  a theoretical  value  of  12  minutes, 
and  the  first  side  lobes  were  correctly  spaced 
on  either  side  of  the  main  beam. 


Conclusions 

Work  was  commenced  on  site  on  1 June 
1961,  and  the  aerial  had  been  tested  and  pro- 
visionally calibrated  so  that  it  was  in  full 
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operation  on  10  July  1962.  In  the  first  eight- 
een months  of  its  working  life  the  aerial  has 
worked  satisfactorily  with  little  attention. 
The  British  concept  of  a stiff  dish  on  a sturdy 
mount  without  a radome  has  yielded  an  aerial 
of  high  performance  at  relatively  low  cost. 
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COMPUTING  AND  DATA  TRANSMISSION  FOR  THE  PREDICTION  STEERING 
OF  THE  GOONHILLY  SATELLITE-COMMUNICATION  AERIAL 


Introduction 

During  a satellite  pass,  the  aerial  must  be 
steered  so  that  its  axis  points  continuously, 
and  with  high  accuracy,  in  the  direction  of 
the  satellite.  Of  the  various  possible  methods 
of  achieving  this  result,  that  based  on  pre- 
diction of  satellite  position  has  been  adopted 
for  the  first  transatlantic  communication  ex- 
periments using  the  Telstar  and  Relay  satel- 
lites. The  process  by  which  orbital  predictions 
originating  in  the  U.S.A.  are  converted  to 
substantially  continuous  real-time  azimuth 
and  elevation  pointing  instructions  at  Goon- 
hilly is  described  herein. 

Planning  Considerations 

The  following  considerations  influenced 
the  planning  of  the  system.  On  the  one  hand, 
data  on  the  observed  position  of  the  satellite 
at  known  times  would  be  received  at  the 
Goddard  Space  Flight  Center,  U.S.A.  from 
various  sources,  including  the  world-wide 
Minitrack  network  of  tracking  stations,  and 
would  be  processed  there  to  derive  the  basic 
parameters  of  the  satellite  orbit,  from  which 
the  future  position  of  the  satellite  could  be 
predicted.  On  the  other  hand,  the  need  at 
Goonhilly  would  be  to  present  to  the  inputs 


of  the  azimuth  and  elevation  control  systems, 
50  times  per  second  throughout  a satellite 
pass,  statements  of  the  azimuth  and  elevation 
required  at  each  instant  (the  “demanded” 
azimuth  and  elevation)  in  digital  form  to 
the  nearest  2~16  revolution  (0.33  minute  of 
arc) . 

The  passage  from  orbital  elements  known 
in  advance  at  GSFC  to  angular  demands  in 
real-time  at  Goonhilly  would  involve  consid- 
erable computation  and,  at  some  stage  in 
the  process,  transmission  of  data  across  the 
Atlantic.  The  computation  could  be  begun  in 
advance  at  GSFC,  continued  in  advance  at 
Goonhilly,  and  completed  in  real-time  at 
Goonhilly ; the  division  of  the  work  between 
these  three  stages  was  a matter  for  practical 
compromise.  Advance  computation  at  GSFC 
would  reduce  the  computing  load  at  Goon- 
hilly (and  at  any  other  stations  that  might 
use  similar  data)  but  would  increase  the 
volume  of  data  to  be  transmitted.  At  Goon- 
hilly, the  experimental  nature  of  the  project 
would  make  it  appropriate  to  carry  out  as 
much  of  the  remaining  computation  as  pos- 
sible in  advance;  for  this  purpose  it  would 
be  possible  to  employ  a general-purpose  com- 
puter of  well-established  design,  which  could 
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also  be  used  part-time  for  other  work  such 
as  the  analysis  of  records.  The  results  of  the 
advance  computations  could  be  checked  be- 
fore the  time  of  the  satellite  pass.  However, 
the  need  for  subsequent  data  storage  (e.g., 
on  punched  paper  tape)  would  set  a limit 
here,  and  it  would  be  convenient  to  leave 
some  simple  computing  to  be  carried  out  in 
real-time  by  special-purpose  apparatus  in 
the  aerial  control  equipment. 

Description  of  the  Process 

The  considerations  previously  mentioned 
have  led  to  the  following  arrangements:  at 
GSFC  the  satellite  position  is  predicted  for 
intervals  of  one  minute  throughout  each  pass, 
and  is  expressed  in  topocentric  Cartesian 
coordinates,  i.e.,  in  a rectangular  coordinate 
system  with  axes  in  the  directions  east,  north 
and  vertical  and  origin  at  the  center  of 
motion  of  the  Goonhilly  aerial.  Predictions 
in  this  form  are  transmitted  to  Goonhilly 
over  a transatlantic  telegraph  circuit,  and 
the  receiving  teleprinter  produces  simultane- 
ously a page  print  and  a perforated  tape  (the 
“Predictions  Tape”).  The  data  for  each  min- 
ute occupy  one  line  of  the  page  print  and  are 
accompanied  by  a “sum  of  digits”  check.  The 
data  message  includes  a statement  of  the 
time  to  which  the  first  prediction  for  each 
pass  refers,  and  is  sent  in  a standard  format 
covering  not  only  features  visible  on  the  page 
print  but  also  the  incidence  of  all  functional 
characters  (carriage  return,  shifts,  etc.)  that 
will  be  punched  on  the  predictions  tape.  The 
time  taken  in  transmission  is  about  six  sec- 
onds for  each  minute  of  a satellite  pass.  When 
the  orbital  elements  for  a particular  satellite 
are  well  established,  predictions  can  be  sent 
once  a week,  to  cover  all  the  time  during  the 
ensuing  week  that  the  satellite  will  be  above 
the  Goonhilly  horizon. 

At  Goonhilly,  advance  computations  are 
carried  out  by  a small  general-purpose  com- 
puter. The  predictions  tape  is  used  directly 
at  data  input  to  the  computer,  and  the  first 
operation  is  to  check  the  validity  of  the  whole 
data  message  (normally  covering  many 
passes),  applying  the  “sum  of  digits”  check 


and  examining  the  tape  for  errors  in  format. 
This  operation  is  quite  quick  (0.13  seconds 
for  each  minute  of  pass)  and  is  preferably 
concurrent  with  the  reception  of  the  data; 
if  an  error  is  detected,  all  the  data  for  the 
pass  affected  are  transmitted  again. 

For  those  parts  of  selected  passes  that  are 
to  be  used  for  communication  experiments, 
a further  run  on  the  computer,  with  the 
predictions  tape  as  data  input,  calculates  and 
prints  azimuth,  elevation  and  range  for  one- 
minute  intervals.  This  run  takes  1.2  seconds 
of  computer  time  for  each  minute  of  pass. 
The  print  is  useful  to  show  the  general 
nature  of  each  pass.  Specifically,  it  enables 
the  operator  to  make  a decision  that  is 
needed  because  the  aerial  is  not  designed 
to  rotate  continuously  in  azimuth,  but  has 
a range  of  movement  limited  to  500  degrees, 
so  that  over  a range  of  140  degrees  any  direc- 
tion has  two  alternative  numerical  values; 
therefore  two  sets  of  azimuth  values  are 
printed  and  if  one  set  shows  a discontinuity 
the  other  must  be  selected.  This  decision 
accompanies  the  input  data  to  the  computer 
for  the  next  operation. 

The  next  stage  represents  the  main  com- 
puting operation  undertaken  at  Goonhilly, 
and  comprises  the  preparation  by  the  com- 
puter of  a punched  paper  tape — the  “Control 
Tape” — bearing  detailed  azimuth  and  eleva- 
tion data  for  the  passes  of  interest.  The  pre- 
dictions tape  again  constitutes  the  data  input 
to  the  computer.  Working  in  the  rectangular 
coordinate  system,  fifth-order  interpolation 
is  used  to  derive  values  for  one-second  inter- 
vals from  the  one-minute  data  received  from 
GSFC.  Azimuth  and  elevation  are  then  de- 
duced for  the  one-second  intervals.  Finally, 
second-order  interpolation  is  used  to  obtain 
the  full  details  required  on  the  control  tape 
(see  page  692),  and  the  tape  is  punched. 

The  computer  program  is  so  arranged  that 
corrections  whose  values  are  predictable  can 
be  applied  to  the  calculated  quantities  in  the 
course  of  this  operation.  An  obvious  need  is 
for  a correction  in  elevation  to  take  account 
of  the  effect  of  atmospheric  refraction ; this 
correction  is  based  on  prior  knowledge  and 
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has  been  included  from  the  outset.  If  opera- 
tional experience  brings  to  light  any  sys- 
tematic departure  of  the  electrical  axis  of 
the  aerial  from  its  mechanical  axis*  suitable 
corrections  can  be  added  later. 

Certain  calculations  not  concerned  with 
aerial  steering  are  included  at  this  stage,  to 
avoid  the  need  for  a separate  computing 
operation;  these  are: 

1.  Calculation  of  slant  range.  The  value 
is  punched  on  the  control  tape  for  one-second 
intervals,  so  that  a real-time  display  can  be 
given,  or  automatic  control  of  transmitter 
power  can  be  effected. 

2.  Calculation  of  Doppler  shift  to  facili- 
tate the  adjustment  of  the  radio  receiver  ; 
this  information  is  required  only  in  printed 
form. 

Concurrently  with  the  punching  of  the  con- 
trol tape  the  computer  prints,  for  one-minute 
intervals,  all  the  information  needed  by  the 
operating  staff  during  a pass,  namely  de- 
manded azimuth  and  elevation,  slant  range, 
and  Doppler  shift. 

The  computations  described,  and  the 
punching  of  the  control  tape,  occupy  80  sec- 
onds for  each  minute  of  a pass;  in  other 
words,  this  work  takes  1.8  times  real-time. 

When  the  control  tape  has  been  punched, 
it  is  checked  in  the  computer ; although  it  is 
impossible  to  guarantee  that  the  aerial  will 
never  receive  erroneous  steering  instructions, 
a check  at  this  stage  is  desirable  because  in- 
correct tape  punching  is  the  most  likely 
source  of  error.  Checking  based,  on  repeti- 
tion of  the  computations  would  take  too  long, 
and  checking  against  output  data  stored  in 
the  computer  would  make  excessive  demands 
on  storage.  The  check  therefore  takes  the 
form  of  an  examination  of  the  tape  for 
plausibility  and  self-consistency,  as  described 
on  page  693.  Cheeking  takes  15  seconds 
for  each  minute  of  a pass. 

To  complete  the  description,  it  is  necessary 
to  mention  the  operations  carried  out  in  real- 
time in  the  aerial  control  equipment.  To 
economize  in  paper  tape,  and  equally  impor- 
tant, tape-punching  time,  the  azimuth  and 
elevation  information  punched  is  largely  in 


the  form  of  increments  of  angles  rather  than 
complete  angles  (see  page  692).  In  the 
aerial  equipment,  the  control  tape  that  has 
been  prepared  in  advance  as  previously  de- 
scribed is  read  in  real-time,  and  the  data  are 
stored  for  periods  of  the  order  of  one  second. 
The  equipment  includes  arithmetic  units 
which  add  increments  to  accumulated  values 
so  as  to  make  available,  every  1/50  second, 
the  full  values  of  demanded  azimuth  and  ele- 
vation. 

Some  Features  of  Computer  Programing 

The  computer  at  Goonhilly  is  the  version 
of  the  National-Elliott  803  with  4096  words 
of  storage,  two  tape  readers,  and  two  tape 
punches.  The  double  input  and  output  is  used 
for  example  when  punching  a control  tape: 
the  main  data  tape  is  the  predictions  tape, 
which  is  read  by  one  reader ; the  other  reader 
reads  a data  tape  which  specifies,  among 
other  things,  which  pass  and  which  part  of 
the  pass  is  to  be  selected  from  the  predictions 
tape.  On  the  output  side,  one  punch  produces 
the  control  tape  and  the  other  punches  a tape 
for  print-out  of  operating  data. 

The  4096  words  of  storage  are  available 
for  either  instructions  or  numbers  and  there 
is  complete  freedom  of  choice  between  com- 
pact, but  possibly  slow,  programming  and 
fast,  but  possibly  voluminous,  programming ; 
generally  speaking,  the  latter  has  been  cho- 
sen. The  control  tape  punching  program,  for 
example,  uses  about  2000  words  of  storage. 

An  example  of  the  choice  of  a method  giv- 
ing speed  at  the  expense  of  fairly  lavish 
storage  is  the  calculation  of  the  refraction 
correction  for  elevation.  This  could  have 
been  achieved  by  calculating  some  function, 
say  a polynomial,  which  approximates  the 
exact  function;  this  would  have  involved 
storing,  say,  half  a dozen  constants.  Instead, 
a critical  table  of  213  constants  is  stored, 
which  allows  the  correction  to  be  obtained 
much  more  quickly. 

*In  this  context,  the  term  “mechanical  axis”  means 
the  direction  defined  by  the  readings  of  the  shaft- 
angle  encoders  that  measure  the  “actual”  position 
of  the  aerial. 
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One  of  the  main  steps  in  the  control  tape 
calculation  is  interpolation  to  derive  values 
for  one-second  intervals  from  those  for  one- 
minute  intervals  as  given  by  the  Predictions 
Tape.  Six  consecutive  one-minute  values  of 
any  particular  variable  define  a fifth-degree 
polynominal  from  which  one-second  values 
are  calculated  for  the  interval  between  the 
third  and  the  fourth  of  the  six  one-minute 
values.  Of  the  many  methods  of  evaluating 
this  polynomial,  building  up  from  differences 
is  the  fastest  since  it  uses  the  relatively  fast 
operation  of  addition,  the  relatively  slow  op- 
eration of  multiplication  being  used  only  for 
the  calculation  of  leading  differences.  The 
operation  can  sometimes  be  speeded  up  even 
more  by  replacing  the  exact  fifth-degree  poly- 
nomial by  an  approximating  fourth  or  even 
third-degree  polynomial,  depending  on  the 
smoothness  of  the  original  data  as  indicated 
by  the  maximum  value  of  the  fifth  or  fourth 
difference  respectively.  With  Telstar,  fourth 
differences  are  small  enough  to  allow  a third- 
degree  polynomial  to  be  used. 

Although  the  current  programs  are  reason- 
ably satisfactory,  they  are  not  necessarily 
the  best.  For  example,  the  control  tape 
punching  program  requires  the  calculation 
of  arctan  and  cosine  functions.  Standard 
Elliott  library  sub-routines  have  been  used 
for  these  which  calculate  to  the  full  precision 
of  the  computer  word,  namely  88  bits.  Since 
azimuth  and  elevation  are  required  to  a pre- 
cision of  only  16  bits,  these  sub-routines 
could  be  replaced  by  less  precise,  and  conse- 
quently faster,  versions. 

Details  of  Control  Tape 

The  ultimate  requirement  is  to  present  to 
the  inputs  of  the  azimuth  and  elevation  con- 
trol systems  of  the  aerial,  in  real-time  50 
times  per  second,  a complete  statement  of  the 
demanded  azimuth  and  elevation  in  digital 
form  to  the  nearest  2~1(l  revolution.  This 
represents  17  bits  for  azimuth  (the  range  of 
azimuth  motion  being  500  degrees  — 1.39 
revolution)  and  15  bits  for  elevation  (100 
degrees  = 0.28  revolution) . It  is  impractical 
to  store  all  these  data  on  punched  paper  tape, 


and  incremental  operation  must  be  adopted. 

Suppose  that,  to  describe  the  demanded 
azimuth  (or  elevation) , a single  incremental 
value  is  specified  and  that  this  is  added  to  an 
accumulated  number  every  1/50  second.  The 
result,  assuming  that  the  1/50  second  dis- 
continuities are  smoothed,  will  be  a quantity 
increasing  linearly  with  time,  representing 
a demand,  for  a constant  angular  velocity. 
A real  demand,  in  which  the  velocity  will  not 
in  general  be  constant,  can  be  approximated 
by  changing  the  value  of  the  increment  from 
time  to  time  ; the  real  curve  of  angular  posi- 
tion as  a function  of  time  will  then  be  ap- 
proximated by  a series  of  chords.  The  proc- 
ess is  analogous  to  linear  interpolation  be- 
tween given  values  in  a mathematical  table, 
and  it  can  be  shown  that  the  maximum  error 
that  could  be  incurred  (i.e.,  the  maximum 
possible  departure  of  the  chord,  from  the  true 
curve)  is  given  by: 

where 

e = 1/8  a T2 

T = time-interval  over  which  a constant 
increment  is  added  repeatedly 
a = maximum  acceleration  during  this 
interval 

e — upper  limit  to  error  during  this 
interval 

The  solution  adopted  is  to  prescribe  in- 
crements on  the  tape  for  intervals  of  1/5 
second,  so  that  any  one  increment  is  added 
10  times.  The  formula  shows  that  the  error 
will  not  exceed  0.4  minute  of  arc  at  the  maxi- 
mum acceleration  assumed  in  the  structural 
design  of  the  aerial  (1.33  degrees  per  sec- 
ond per  second). 

Such  increments  of  azimuth  and  elevation 
constitute  the  main  content  of  the  control 
tape.  However,  a complete  specification  of 
demanded  azimuth  and  elevation  is  essential 
at  the  beginning  of  an  automatic  run,  and 
is  very  desirable  at  intervals  afterwards,  so 
that  any  casual  error  may  not  be  perpetu- 
ated. The  complete  demanded  azimuth  and 
elevation  are  therefore  punched  on  the  tape 
for  intervals  of  one  second.  This  has  the  de- 
sirable result  that  the  concept  of  a specific 
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starting  condition  is  avoided. ; automatic  con- 
trol can  begin  at  any  desired  time  (within 
about  one  second)  during  the  period  for 
which  a control  tape  has  been  prepared.  The 
scheme  lends  itself  to  a one-second  cycle  in 
the  punching  of  the  control  tape  and  the 
operation  of  the  digital  part  of  the  aerial 
control  equipment. 

A 5-track  tape  is  employed;  four  of  the 
tracks  are  used,  for  numerical  data,  the  fifth 
being  reserved  for  a signal  indicating  the 
beginning  of  each  one-second  cycle.  The  com- 
plete punching  scheme  for  one  cycle  is  shown 
in  Table  10-1. 


Table  10-1. — Punching  of  Control  Tape 


Item 


Number  of  rows 


Cycle-start  signal 

Time  (hr,  min,  see) 

Demanded  azimuth 

Demanded  elevation .. 

Slant  range___-_ 

Five  increments  of  azimuth- 
Five  increments  of  elevation. 
Tape  code. 


1 

6 

5 

4 

3 

10 

10 

3 


Checking  of  Control  Tape 

The  program  which  checks  a control  tape 
determines  that  ; 

1.  Cycle-start  signals  appear  as  pre- 
scribed. 

2.  Time,  azimuth,  elevation,  and  tape  code 


are  within  appropriate  limits ; e.g.,  the  hours 
in  a time  must  be  less  than  24,  and  the  min- 
utes and  seconds  less  than  60.  For  azimuth 
and  elevation  this  check  is  applied  not  only 
to  the  completely  punched  values  but  also  to 
those  that  will  subsequently  be  formed,  in  the 
aerial  control  system  by  adding  the  incre- 
ments. 

3.  Time,  azimuth,  and  elevation  are  con- 
tinuous: i.e., 

(a)  each  time  is  one  second  later  than 
the  previous  time 

(b)  each  azimuth  (or  elevation)  agrees 
with  that  formed  by  summing  the  azimuth 
(or  elevation)  value  and  increments  of  the 
previous  second,  due  allowance  being  made 
for  the  effects  of  rounding-off  in  calcu- 
lation. 
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BEAM-SWINGING  FACILITIES  FOR  THE  GOONHILLY  SATELLITE-COMMUNICATION  AERIAL 


Introduction 

The  mode  of  satellite  tracking  adopted  at 
the  Goonhilly  earth  station  is  to  steer  the 
aerial  primarily  by  means  of  predicted  data 
computed  from  the  satellite  orbital  param- 
eters and  to  superimpose,  during  the  passage 
of  the  satellite,  corrections  to  remove  any 
prediction  errors  or  aberrations  due  the 
transmission  path.  Predictions  have  proved 
to  be  highly  accurate  for  satellites  having  a 
high  mass  to  projected  area  ratio  orbiting 


at  altitudes  of  which  air  drag  is  very  small ; 
hence  the  corrections  are  small  and  infre- 
quent. 

System  Design 

Aberrations  in  the  predicted  steering  data 
are  likely  to  be  greatest  during  the  acquisi- 
tion phase  when  the  aerial  elevation  is  near 
zero  and  when,  in  consequence,  tropospheric- 
ray  bending  is  greatest.  It  was  assessed 
initially  that  a beam  swing  of  1°  in  all  direc- 
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tions  from  the  boresight  axis  would,  ade- 
quately meet  the  most  extreme  condition,  i.e., 
at  the  time  of  the  earliest  satellite  passes 
and  prior  to  refinement  of  the  orbital  param- 
eters. Provision  was  therefore  made  in  the 
original  design  for  a swing  of  1°  but  experi- 
ence proved  this  to  be  in  excess  of  require- 
ment and  it  was  subsequently  reduced  to 
1/2°.  The  corresponding  shift  in  the  posi- 
tion of  the  feed  unit  in  the  focal  plane  of  an 
85-ft  focal-plane  paraboloid  is  3 in. 

A beam  deviation  of  1/2°  is  equivalent  to 
2 1/2  beamwidths  (3  db)  at  the  frequency, 
4080  Me,  at  which  tracking  of  the  Telstar 
and  Relay  satellites  is  performed.  At  this 
deviation  a degradation  in  aerial  gain  of 
about  2 db  is  incurred  and  some  beam  dis- 
tortion is  present  in  the  form  of  a coma 
lobe  on  the  boresight-axis  side  of  the  beam. 
It  was  envisaged,  therefore,  that  corrections 
to  the  predicted  steering  data  would  be  need- 
ed, at  least  in  the  initial  phase  of  a satellite 
pass,  to  ensure  that  large  beam  offsets  were 
removed. 

The  feed-shift  mechanism  at  the  aerial 
focus,  by  which  the  beam  is  offset  from  the 
axis,  is  controlled  through  a hydro-electric 
servo  system  from  a console  in  a control 
room  about  1/4  mile  from  the  aerial.  This 
form  of  control  has  the  advantages,  as  com- 
pared with  an  all-electric  system,  of  lower 
weight  at  the  focus,  a safer  stalling  condi- 
tion and  the  removal  of  most  of  the  moving 
parts  requiring  maintenance  to  positions 
where  they  are  more  easily  reached. 

After  approximate  acquisition,  the  devia- 
tions of  the  satellite  from  the  predicted 
course  are  followed  by  means  of  a conven- 
tional radar  mode  of  tracking.  No  satis- 
factory adaptation  of  the  static-split  feed 
(monopulse)  system  is  obvious  when  di- 
plexed  signals  with  circular  polarization  are 
utilized  in  a focal-plane  dish.  A conical-scan 
feed  system  is  therefore  used.  The  require- 
ments, however,  are  notably  different  from 
those  common  to  radar  applications  in  which 
pulsed  signals  are  generally  received  from 
a target  whose  course  is  likely  to  be  erratic 
and  evasive.  In  contrast,  the  course  of  a 


satellite  is  closely  predictable  and  smooth 
and  the  target  is  a cw  beacon  on  the  satellite 
itself.  A slow-speed  scan  in  which  the  beam 
rotates  about  a point  1 db  or  less  from  the 
peak  is  therefore  adequate.  A slow  speed,  is 
essential  also  to  minimize  the  centrifugal 
forces  encountered  in  spinning  a heavy  di- 
plexed  feed.  The  scanning  speed  is  adjust- 
able to  avoid  synchronism  or  harmonic 
relationship  with  the  ripples  in  the  aerial- 
radiation  pattern  of  a spin-stabilized  satel- 
lite. 

The  optimum  offset  of  the  rotating  beam 
about  the  boresight  axis  depends  on  the 
sensitivity  of  the  display  equipment  and  on 
the  allowable  loss  from  the  peak  gain  of  the 
aerial.  The  latter  is  of  particular  importance 
when,  as  in  Project  Telstar,  the  ground 
transmit  frequency  in  the  diplexed  signal 
is  higher  than  the  receive  frequency.  The 
transmit  beam  is  then  narrower  and,  for  a 
given  offset,  introduces  a greater  loss  into 
the  transmit  path  than  in  the  receive  path. 
For  the  aperture  illumination  employed, 
Table  10-2  shows  the  approximate  losses  in 
the  transmit  and  receive  paths  as  the  offset 
is  varied.  The  transmitter  frequency  for 
Telstar  is  nearly  6390  Me  and  that  for  Relay 
1725  Me.  The  beacon  frequency  is  the  same 
for  both  projects,  4080  Me. 


Table  10-2. — Effect  of  Feed  Offset  in  an  85-ft  Focal-Plane 
Paraboloid 


Beam 

offse. 

deg 

Feed 

offset 

in. 

Beacon 
signal  loss 
db 

Transmit  loss 

Telstar 

db 

Relay 

db 

0.061 

0.36 

1,0 

2.5 

0.25 

0.041 

0.24 

0.5 

1.25 

0.12 

0.027 

0.16 

0.25 

0.62 

0,06 

The  system  was  provided  initially  with  a 
conical-scan  radius  for  1 d.b  loss  in  the  bea- 
con signal.  It  was  found,  however,  that  the 
sensitivity  of  the  equipment  was  sufficient 
to  allow  the  radius  to  be  reduced  to  the  1/4 
db  point.  The  transmit  loss  and  signal  modu- 
lation at  the  conical-scan  frequency  were 
reduced  by  this  means. 
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Description  of  Equipment 

Beam-Swinging  Mechanism 

The  general  arrangement  of  the  beam- 
swinging mechanism  is  shown  in  Figure 
10-14.  The  tube  marked  “Aerial  Feed  Unit” 
points  towards  the  apex  of  the  dish  and  in  the 
central  position  its  aperture  is  at  the  focus. 
The  frame,  shown  as  cut  away,  is  mounted  on 
a platform  situated  about  2 feet  outside  the 
focal  plane.  Two  motions  of  the  feed  are 
provided;  one  is  the  major  beam-swing  mo- 
tion in  which  the  feed  aperture  can  move 
to  any  position  within  a circle  originally  of 
6 in.  radius  but  later  limited  to  3 in.;  the 
other  is  the  conical-scan  motion  in  which  the 
feed  moves  circularly  with  a radius  (in  the 
final  modification)  of  0.16  in.  about  an  axis 
fixed  by  the  beam-swing  motion.  The  radius 
of  the  conical-scan  motion  is  modified  simply 
by  changing  an  eccentric  in  the  motor  drive. 


The  beam-swing  motion  pivots  about  gim- 
bals at  the  rear  and  is  effected  by  two  hy- 
draulic pistons  mounted  orthogonally  in  the 
plane  of  the  main  frame.  The  gimbals  have 
an  internal  clearance  sufficient  to  allow  the 
waveguide  components  to  be  withdrawn 
through  them,  without  dismantling  the  main 
structure.  The  rear  section  of  the  wave- 
guide is  flexible  to  allow  movement  of  the 
feed  relative  to  the  external  fixed  feeder. 
The  hydraulic  pistons  are  controlled  by 
servo-operated  oil  valves  fed  at  800  lb/in.2 
by  a pipeline  from  a hydraulic  pump  mount- 
ed on  the  roof  of  the  cabin  on  the  azimuth 
turntable  of  the  aerial. 

The  gimbals  for  the  conical-scan  motion 
are  placed  midway  on  the  feed  support  tube, 
the  far  end  of  which  is  given  a circular  mo- 
tion by  a motor  mounted  outside  the  beam- 
swing gimbals.  The  central  disposition  of  the 
conical-scan  gimbals  results  in  this  part  of 


Figure  10-14. — Schematic  of  waveguide  feed  system. 
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the  mechanism  being  sensibly  in  mechanical 
balance.  Counterbalance  collars  are  placed 
on  the  support  tube  fore  and  aft  of  the  gim- 
bals to  balance  completely  particular  feed 
assemblies.  The  conical-scan  drive  motor 
is  fed  from  a small  dc  control  set,  originally 
of  the  Ward-Leonard  type  but  which  is 
shortly  to  be  changed  to  the  silicon-con- 
trolled-rectifier  type  to  minimize  space, 
weight,  and  the  need,  for  maintenance.  The 
control  set  is  mounted  in  one  of  the  cabins 
behind  the  dish  and  allows  the  scanning 
speed  to  be  regulated  between  1/2  and  5 cps 
by  remote  control. 

The  whole  assembly  is  designed  for  mini- 
mum maintenance  and  to  withstand  the 
weather  conditions  encountered  at  Goonhilly 
Downs.  The  weight  of  the  mechanism,  ex- 
clusive of  the  external  waveguide  feeders,  is 
about  900  lb. 

Conical-Scan  Control  Display 

A cathode-ray  tube  display  is  associated 
with  the  conical-scan  system  to  indicate  the 
divergence  of  the  satellite  from  the  scanning 
axis  in  direction  and  angular  magnitude 
up  to  8 minutes.  When  the  direction  of  the 
incoming  beacon  is  off  the  axis  of  the  conical 


scan  by  a small  amount,  the  output  of  the 
beacon  receiver  is  modulated  at  the  scan 
frequency.  The  depth  of  modulation  in- 
creases as  the  deviation  off  axis  increases 
and  determines  the  length  of  a radial  trace 
on  the  CRT.  The  direction  in  which  the 
satellite  is  off  axis  determines  the  phase  of 
the  modulation  and  hence  the  angular  posi- 
tion of  the  trace.  Erroneous  indications  of 
direction  d.ue  to  the  modulation  of  the  beacon 
by  the  satellite  spin  are  readily  eliminated 
by  adjusting  the  conical-scan  speed  to  be 
nonsynchronous  with  the  spin-stabilization 
speed.  A block  diagram  of  the  equipment  is 
shown  in  Figure  10-15. 

A 50  cps  magslip  link  relays  the  rotary 
motion  of  the  feed  to  the  control  console 
where  a resolver  is  driven  to  provide  the 
phase  reference  for  the  incoming  beacon  sig- 
nal. The  2-phase  output  of  the  resolver  is 
fed  directly  to  the  magnetic  deflection  coils 
of  the  CRT  and.  the  input  of  the  resolver  is 
derived  from  the  beacon  signal  in  the  fol- 
lowing way.  The  modulated  dc  output  of  the 
beacon  receiver  is  detected,  amplified  and 
fed  to  a modulator  which  is  so  biased  that 
only  the  positive  tips  of  the  input  ac  wave 
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SPEED  INDICATOR 


Figure  10-15. — Conical  scan  control  and  display. 
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produce  an  output.  The  carrier  source  to  the 
modulator  is  a 1.5  kc  pulse  generator  in 
which  the  pulse  width  is  small.  The  pulsed 
output  of  the  modulator  is  fed  to  the  input 
of  the  synchro  resolver  through  a drive  am- 
plifier. The  necessity  for  pulsed  modulation 
is  twofold ; firstly,  adequate  transmission 
through  the  resolver  cannot  be  obtained  at 
the  low  conical-scan  frequency  in  use,  so 
translation  to  a higher  frequency  is  neces- 
sary; secondly,  it  affords  a simple  means 
of  deriving  a radial  trace  on  the  CRT  with- 
out dc  restoration  when  the  input  is  alter- 
nating current.  The  tips  of  the  forward 
pulses  are  brightened  to  improve  the  pres- 
entation and  to  blank  the  small  backward 
pulses.  The  result  is  a lobe  as  shown  in  the 
sketch  in  Figure  10-15. 

A 3 cps  test  oscillator  is  provided  in  the 
unit  to  simulate  the  output  of  the  beacon 
receiver  when  the  equipment  is  non-opera- 
tional.  The  magslip-resolver  link  is  also  used 
to  provide  an  indication  of  the  conical-scan 


speed.  A perforated  disk  mounted  on  the 
coupling  between  the  magslip  and  the  re- 
solver modulates  a light  beam  focused  on  a 
photo-transistor.  The  output  of  the  tran- 
sistor is  measured  on  a meter  in  terms  of 
the  conical-scan  speed. 

Beam-Position  Control  and  Display 

The  beam-positioning  equipment  is  shown 
diagrammatically  in  Figure  10-16.  The  an- 
gular offset  of  the  satellite  relative  to  the 
aerial  boresight  axis  is  displayed  on  two 
meters  calibrated  respectively  in  terms  of 
angular  deviation  in  azimuth  and  elevation 
up  to  30  minutes  on  each  side  of  the  central 
position.  The  meter  display  is  derived  from 
aerial  feed-position  indicators  (linear  trans- 
formers) mounted  orthogonally  on  the  beam- 
swing gimbals.  The  outputs  of  the  trans- 
formers are  rectified  and  fed  to  the  relevant 
center-zero  meter. 

Indication  that  the  satellite  is  acquired  is 
shown  on  3 lamps  triggered  at  predeter- 


Pigure  10-16. — Beam  position  control  and  display. 


698 


RELAY  I—PART  III 


mined  stages  of  acquisition  by  the  depth  of 
modulation  imposed  on  the  beacon  signal  by 
the  conically  scanned  beam.  Indication  of 
complete  acquisition  is  extended  to  other 
lamps  at  points  in  the  earth  station  where 
the  information  is  required. 

Control  Console 

A two-position  console,  part  of  a suite  of 
six  used  for  experiment  control,  houses  the 
conical-scan  and  beam-position  presentation 
units.  A photograph  of  the  two  positions  is 
shown  in  Figure  10-17.  The  conical-scan 
display  CRT  is  under  the  hood  on  the  left- 
hand  position.  Test  facilities  for  the  conical- 
scan  unit,  the  scan  speed,  indicator  and 
beacon  output  meter  are  placed  immediately 
above  the  hood.  The  aerial  position  is  dis- 


played digitally  on  the  top  panel.  The  hand 
control  for  positioning  the  aerial  beam  is 
on  the  desk  below  the  CRT.  The  original 
version  of  this  control  incorporated  a spiral- 
scan  generator  for  wide-angle  search  but  the 
high  accuracy  of  the  predicted  data  supplied 
by  the  GSFC  made  the  provision  superfluous 
and  it  has  been  replaced  by  a “finger-tip” 
ball-type  control. 

The  righthand  bay  of  the  console  houses 
the  beam-position  unit  and  the  satellite  ac- 
quisition circuits.  The  digital  switches,  by 
which  the  corrections  to  be  applied  to  the 
predicted  course  of  the  aerial  are  signalled 
to  the  aerial  controller,  are  situated,  at  the 
bottom  lefthand  corner  of  the  panel. 

The  operational  procedure  is  : 

1.  The  functioning  of  the  presentation 
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units  and  the  scanning  mechanism  is  checked 
before  each  satellite  pass  in  conjunction  with 
the  Leswidden  test  station  about  22  miles 
away. 

2.  The  conical-scan  motion  is  applied  at 
the  commencement  of  the  pass  and  the  radial 
display  reveals  any  offset  of  the  satellite 
from  the  aerial  beam. 

3.  The  hand  control  is  used  to  steer  the 
beam  exactly  on  to  the  course  of  the  satellite. 

4.  If  the  divergence  of  the  beam  from  the 
boresight  axis  of  the  aerial,  as  displayed  on 
the  beam-position  meters,  is  more  than  about 
4 minutes  (one-third  beamwidth)  then  azi- 
muth and/or  elevation  corrections  to  the 
predicted  course  of  the  aerial  are  demanded 
of  the  aerial  controller  to  restore  the  beam 
to  its  on-axis  position.  As  the  corrections 
take  effect  the  hand  control  is  adjusted  to 
follow  the  satellite  to  its  on-axis  bearing. 
This  process  is  repeated  as  required  during 
the  period  of  the  pass. 

Operational  Experience  and  Conclusions 

Experience  in  Project  Telstar  showed  that 
the  tracking  facilities,  as  originally  provided 
with  an  extensive  beam-swing  capability 
and  automatic  spiral-scan  facility,  were  more 
than  adequate.  These  features  have  now 
been  modified.  It  had  been  expected  that 
acquisition  would  not  be  possible  until  the 
aerial  elevation  was  about  5°  to  7 1/2°  but, 
in  a very  large  proportion  of  the  passes  the 


satellite  has  been  sighted  while  the  aerial 
was  waiting  at  zero  elevation,  i.e.,  when  the 
satellite  was  yet  below  the  horizon.  Only 
very  occasionally  has  acquisition  been  de- 
layed until  the  elevation  has  reached  2°. 
This  fact,  and  the  accuracy  of  subsequent 
tracking,  reflects  very  favorably  the  high 
accuracy  of  the  predicted  data  obtained 
from  the  Goddard  Space  Flight  Center.  After 
superimposing  standard  corrections  on  the 
predicted  steering  data,  to  account  for  trop- 
ospheric refraction  at  low  elevations,  the 
remaining  corrections  necessary  during  the 
period  of  a pass  have  generally  totalled  no 
more  than  5 minutes.  Corrections  in  azimuth 
have  been  a littel  larger,  totalling  up  to  10 
minutes.  Adjustments  in  tracking  by  the 
beam-swing  equipment  and  by  over-riding 
the  predicted  data  have,  so  far,  been  applied 
manually.  Equipment  to  track  the  beam- 
swinging mechanism  automatically  has  now 
been  developed;  further  development  to  pro- 
vide auto-track  facilities  for  correcting  the 
predicted  data  from  the  conical-scan  equip- 
ment is  in  hand. 

Authors.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  Beam-Swinging  Facilities  for  the 
Goonhilly  Satellite  - Communication  Aerial 
was  authored  by  C.  F.  Davidson  and  W.  A. 
Rawlinson  of  the  GPO. 
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Introduction 

The  diplexer  described  transmits  some  4 
to  5 kilowatts  of  microwave  power  and 
simultaneously  receives  a signal  of  the  order 
of  a micro-microwatt  from  a communication 
satellite,  when  used  in"' conjunction  with  the 
earth-station  aerial  at  Goonhilly. 

The  earth-station  transmitter  and  receiver 
frequencies  are  6.39  and  4.17  Gc  respective- 
ly, the  sense  of  polarization  of  the  transmit 
signal  into  the  dish  aerial  being  lefthanded 
circularly  polarized  and  that  of  the  received 
signal  from  the  dish  aerial  being  right- 


handed. Thus  a broadband  reciprocal  polar- 
izer is  required  in  addition  to  the  diplexer. 
The  details  of  the  diplexer  and  the  broadband 
polarizer,  which  constitute  one  integral  unit, 
Figure  10-18,  are  discussed  below. 

The  Diplexer 

The  transmitter  power  is  launched  in  the 
TExi  mode  in  2-inch  circular  guide  through 
a linear  taper  from  a rectangular  waveguide 
(WG14).  With  the  TEU  mode,  separate  re- 
gions of  maximum  and  minimum  power 
density  are  produced  at  90°  intervals  around 


700 


RELAY  I — PART  III 


WGn TEio 
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6.39  Gc  LEFT  HAND 
CIRCULARLY  POLARIZED 


Figure  10-18. — Diplexer  assembly. 


the  periphery  of  the  circular  guide.  If  a 
region  of  minimum  power  density  d.ue  to  the 
transmitted  signal  is  chosen,  the  received 
signal  may  be  launched  so  that  its  plane  of 
polarization  is  transverse  to  that  of  the 
transmitted  signal  in  this  region.  This  can 
be  achieved  by  suitable  orientation  of  the 
broadband  polarizer  axis  in  relation  to  the 
axis  of  the  transmit  field  electric  vector. 
Under  these  circumstances  the  minimum 
coupling  region  due  to  the  transmit  field  is 
the  maximum  coupling  region  due  to  received 
field,  and  the  transmit  electric  vector  is  or- 
thogonal to  the  received  field  electric  vector. 

If  a narrow  slot  is  cut  in  this  region  of 
the  circular  guide,  it  will  be  non-radiating 
so  far  as  the  transmit  field  is  concerned  but 
will  be  excited  by  the  received  field,  since 
the  slot  is  transverse  to  the  received  field 
electric  vector.  The  coupling  slot  is  common 
to  the  round  guide  and  the  transverse  plane 
of  the  rectangular  waveguide  (WG11).  The 
slot  will  not  couple  the  whole  of  the  received 
energy  to  the  branched  rectangular  wave- 
guide, but  if  a thin  polished  metallic  septum 
is  placed  in  the  circular  guide  so  that  the 
received  field  electric  vector  is  co-planar  with 
the  septum,  then  the  entire  received,  energy 
will  be  reflected  and  coupled  to  the  rectangu- 
lar waveguide.  The  field  configurations  and 
a cutaway  view  of  the  diplexer  are  shown  in 
Figure  10-19. 

Considering  the  diplexer  as  a third-order 


waveguide  junction  Figure  10-19,  it  is  noted 
that  there  is  a plane  of  symmetry  across  the 
terminals  of  arm  3.  If  the  septum  is  placed 
at  appropriate  distance  from  the  terminal 
plane  of  this  arm,  then  the  maser  input  arm 
(i.e.,  the  waveguide  11  arm)  and  the  aerial 
arm  will  behave  as  a perfect  transmission 
line  provided  that  the  impedance  in  the 
branched  guide  is  suitably  adjusted  in  rela- 


TE 10  4.17  Gc 


SEPTUM 


E t TRANSVERSE  COMPONENT  OF  THE  E VECTOR 
DUE  TO  TRANSMITTED  SIGNAL  FIELD 
Er  TRANSVERSE  COMPONENT  OF  THE  E VECTOR 
DUE  TO  RECEIVED  SIGNAL  FIELD 

Figure  10-19. — Field  configuration  of  the  orthogonal 
TEu  modes  and  cutaway  view  of  diplexer. 
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tion  to  the  slot  impedance  Z,  as  shown  in 
the  transformer  representation  of  the  diplex- 
er.  Figure  10-20. 


c 


R 


_W 

2 


X 1 

")  W =0.12511 


“X  = 1.449"- 


INTERFACE 
THICKNESS  =0.025" 


Figure  10-20.- — Transformer  representation  of  the 
diplexer  and  dimension  of  the  coupling  slot. 


The  coupling  between  the  aerial  arm  and 
maser  input  arm  is  achieved  through  a nar- 
row rounded  slot  centered  in  the  transverse 
plane  of  the  rectangular  waveguide  11.  The 
interface  thickness  between  the  round  and 
the  rectangular  waveguide  is  extremely 
small.  The  effect  of  this  slot  on  the  funda- 
mental mode  of  a waveguide  may  be  com- 
puted from  an  equivalent  circuit  in  which 
the  diaphragm  is  represented  by  a two 
terminal  impedance  shunted  across  a trans- 
mission line  which  is  assumed  to  carry  a 
fundamental  mode  of  the  waveguide.  For 
all  practical  purposes  the  reactance  function 
of  such  a slot  is  given  by  the  expression : 

Y 4:7rMZO 

ab  Xg  “ (10.1) 

where  M is  the  magnetic  polarizability  of 
the  slot,  Zo  is  the  characteristic  impedance 
of  the  waveguide,  a and  b are  the  width  and 
the  height  of  the  guide,  \g  is  guide  wave- 
length. 

The  approximate  value  of  the  magnetic 
polarizability  is 


M ==_ _L_/  w2 

16 


(10.2) 


where  / is  the  length  of  the  slot  and  w is 
the  width  of  the  slot. 

According  to  Slater*  the  approximate 
resonant  length  of  a thin  slot  centered  on  the 
transverse  plane  of  the  rectangular  wave- 
guide is  given  by  the  expression 


/ A0  L 2 aw2 

l~2V  +b\0  (10.3) 

where  A„  is  the  free  space  wavelength.  For 
a rounded  slot  having  w/ ( less  than  0.11, 
equation  (10.3)  can  be  further  simplified  to 

/=^+  0.273W  (10.4) 

CJk 

This  empirical  relationship  agrees  well 
with  the  experimental  measurements  and 
the  slot  is  found  to  be  resonant  within  the 
desired  frequency  range. 


Experimental  Results 

From  Equation  (10.4),  the  following  data 
are  obtained  for  the  slot  shown  in  Figure 
10-20. 

For  a center-frequency  of  4170  Me, 
Length  of  the  slot/. . . = 1.449"  ± 0.003" 
Width  of  the  slot  w. . . = 0.125"  ± 0.003" 
Wall  thickness  between  the  rectangular 
and  round  waveguide ...  ==  0.025"  ± 0.001". 

Figure  10-21  shows  the  insertion  loss  and 
the  VSWR  between  the  aerial  and  maser 
input  arm  as  well  as  the  discrimination  be- 
tween the  transmit  and  maser  input  arm. 
The  discrimination  achieved  over  the  trans- 
mit frequency  band  exceeds  50  db. 


The  Broadband  Polarizer 

The  principles  of  the  broadband  polariz- 
ing device  may  be  best  understood  by  con- 
sidering the  characteristics  of  a circularly 
polarized  wave.  Consider  two  linearly  polar- 
ized waves,  propagating  in  a positive  Z di- 

*J.  C.  Slater,  “Microwave  Transmission,”  1942, 
pp  185-187,  McGraw-Hill  Book  Co.,  Inc.,  New  York. 
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Figure  10-21. — Insertion  loss  between  aerial  and 
maser  input  arm  and  discrimination  between 
transmit  and  maser  input  arm. 

reetion  in  space  quadrature  as  shown  in 
Figure  10-22,  and  described  by 

EJi  — j&o  sin  (cot  — (3  Z} , 

E2  — y Eq  sin  (o>  t — p Z + 0)  g^ 


where  y = constant  ; f3  ~ phase  constant  = 

2Wyg. 

If  one  considers  0 = w/2  at  a plane  Z — 0, 
then 


£7i  — Eo  sin  <»  t and  Ez  — y E0  cos  u t 

(10.6) 

eliminating  the  time  dependence  gives  the 
locus  of  these  waves : 


Ef  , El  = 
Eo2  y2E02 


(10.7) 


This  is  the  equation  of  an  ellipse  with  axes 
2E0  and  2y  E0. 

The  resultant  of  these  two  components 
traces  out  this  ellipse  as  it  rotates  in  time. 
Such  a rotating  wave  is  termed  an  elliptical 
polarized  wave,  the  polarization  elipse  at  a 
plane  Z = 0 being  shown  in  Figure  10-22. 
A special  case  arises  if  A = 1,  when  the  locus 
reverts  to  a circle  giving  a circularly  polar- 
ized (C.  P.)  wave.  Circular  polarization  is 
therefore  an  ideal  case  of  elliptic  polariza- 
tion, and  is  generally  approximated  in  prac- 
tice by  elliptical  polarization  with  an  axial 
ratio  approching  unity.  Such  a wave  is  also 
referred  to  as  Circularly  Polarized  without 
further  qualification.  The  most  usual  man- 
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Figure  10-22. — Eliptically  polarized  waves. 
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ner  of  denoting  the  quality  of  such  a wave 
is  by  the  following  ratio : 

Minimum  of  the  transverse 

component  of  the  electrical  field  #0  l 

Maximum  of  the  transverse  y E0  y 

component  of  the  electrical  field  (10.8) 

Sense  of  Polarization 

It  should  be  noted  that  the  sense  of  polar- 
ization is  ambiguous  unless  one  clearly  states 
the  reference  plane.  The  C.  C.  I.  R.  adopted, 
at  its  Xth  Plenary  Assembly  (Geneva, 
1963)  * a definition  according  to  which  a 
righthanded  circularly  polarized  wave  is  one 
in  which  an  observer,  looking  in  the  direc- 
tion of  propagation,  sees  the  electric  vector 
rotating  clockwise  in  a fixed  plane. 

Design  of  the  Dielectric  Plate 

The  two  orthogonal  components  given  in 
Equation  (10.6)  may  be  generated  by  estab- 
lishing a linearly  polarized  wave  E , Figure 
10-23,  at  an  angle  of  45°  to  a differential 
phase  shift  section,  such  as  a waveguide  par- 
tially filled  with  dielectric. 


Figure  10-23. — Generation  of  a G.  P.  wave. 


Consider  the  incident  wave  E splitting 
into  two  orthogonal  components  Ex  and  E2. 
Assuming  the  dielectric  plate  thickness  to 
be  considerably  smaller  than  the  length  of 
the  plate  /,  the  wave  E2  in  the  plane  of  the 
plate  will  be  retarded  in  phase  compared 
to  E i,  the  differential  phase  shift  between 
E]  and  E2  will  be  governed  by  the  following 
relationship : 


(10.9) 


where  ygl  and  yg2  are  the  guide  wavelengths 
for  the  two  orthogonal  linearly  polarized 
waves  Ex  and  E2.  Clearly  the  effective  di- 
electric constant  e2  corresponding  to  wave  E2 
will  be  greater  than  the  effective  dielectric 
constant  ex  corresponding  to  wave  Ex  and 
consequently 


A0 


(10.10) 

where  Xc  is  the  cut-off  wavelength  of  the 
dominant  mode,  and  X0  is  the  free  space 
wavelength. 

For  broadband  operation  the  differential 
phase  shift  <£  must  remain  approximately 
equal  to  90°  throughout  the  entire  frequency 
spectrum  of  interest.  The  effective  dielectric 
constants  ei  and  e2  are  not  directly  comput- 
able and  hence  the  length  / can  only  be  cal- 
culated by  finding  the  propagation  constants 
for  the  two  orthogonal  waves  Ex  and  E2.  In 
order  to  do  this  one  must  solve  a transverse 
eigen-value  equation  for  each  wave  which 
is  due  to  the  boundary  conditions  at  the 
dielectric-air  interfaces.  Such  a calculation 
has  been  made  for  a polarizer  in  square 
guide,  and  it  has  been  found  experimentally 
that  the  results  hold  good  in  a circular  guide 
having  the  same  cut-off  frequency  as  that  of 
the  square  guide. 

Consider  two  orthogonal  H- waves  propa- 
gating in  the  Z direction  in  a partially  di- 
electric-filled square  guide  as  shown  in 
Figure  10-24,  E and  H being  of  the  form: 

E = E0ej(at-pZ),  H = H0ej(at-pZ) 
and  E7.  — 0. 

Ey  is  assumed  to  be  continuous  over  the 
air-dielectric  media  I and  II  and  dielectric- 
air  media  II  and  III.  The  phase  shift  for 
the  component  of  the  circularly  polarized 

* Documents  of  the  Xth  Plenary  Assembly  of  the 
C.  C.  I.  R.  (Geneva,  1963). 
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Figure  10-24. — Partially  dielectric  filled  waveguide. 


wave  which  travels  parallel  to  the  plane 
of  the  dielectric  wedge  is: 


WH*)’  (IM» 

where 


tan  p _ s cot  q 
V d q 


(10.12) 


where  p and  q are  unknown  and  s — C/2. 

It  has  been  shown*  that  p and  q satisfy 
the  following  equation: 


2=k*-p‘,[y-\2-Kk*-p  2 

' s ' (10.13) 


where  K 

Co 


_\q  = sjkHK-l)  +Z2 

V d (10.14) 

A similar  analysis  can  be  made  for  the 
perpendicular  component  but  in  view  of  the 
fact  that  the  thickness  of  the  dielectric 
wedge  is  considerably  smaller  than  the 
length,  it  can  be  assumed  that  the  phase  shift 
for  the  perpendicular  component  is 

= 2 7r/ A,  per  unit  length  where  Aff  is  air 
filled  guide  wavelength. 


The  following  parameters  were  used  for 
computation  of  the  differential  phase  shift  <f> ; 
see  Equation  (10.9). 
f = 4170  Me 
a = b = 1.75" 
c = 0.125" 

s = ~=  0.0625" 
d - 0.8125" 

For  a dielectric  consisting  of  P.  T.  F.  E. 

K = 2.01  and 

k = 0.873  radian. 

A0 

Solution  of  p is  obtained  from  equations 
(10.12)  and  (10.13). 

__tan  p _ s cot  q 

~ P ~~d  ' q 
p — 73.2°  = 1.27  radian, 

. . 72  = — [^J  — 0-615  radian/cm, 

71  0-515  radian/cm> 

‘ $ = y2  — 7X  = 0.1  rad/cm  — 14.6°/inch. 

According  to  the  above  calculation  the  re- 
quired length  of  the  dielectric  wedge  is 
approximately  6.2  inches.  However,  the  pre- 
ceding calculation  does  not  take  into  account 
the  effect  of  tapering,  and  this  is  difficult  to 
allow  for  precisely.  In  order  to  determine 
the  shape  of  the  wedge,  see  Figure  10-25, 
the  following  procedure  has  been  adopted. 


*L.  Pincherie,  “Electromagnetic  Waves  in  Metal 
Tubes  Filled  Longitudinally  with  Two  Dielectrics, ” 
Phys.  Rev.,  Sept.,  1944,  Yol.  66,  pp  118-130. 
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Assuming  a length  of  the  wedge  = / 
inches,  then 

minimum  tapered  length  0.75  A,  at  4170 
Me  = 3.75  inches, 

diameter  of  the  circular  guide  = 2 inches, 

mid-section  length  of  the  wedge  (m 
(/  7.5)  inches, 

The  overall  effective  area  of  the  wedge  is 
( /X2)  - 7.5  = 12.4 ; hence /=  9.95  inches. 

Based  on  the  foregoing  a wedge  was  pre- 
pared with  an  overall  length  of  10  inches 
and.  3.75  inches  tapered  length;  the  meas- 
ured ellipticities  were  found  to  be  better 
than  0.8  over  the  band  4 to  6.5  Gc. 

The  P.  T.  P.  E.  wedge  is  held  in  position 
inside  the  2-inch  circular  guide  by  means 
of  eight  dielectric  pins  penetrating  slightly 
into  the  narrow  dimension  of  the  wedge. 
These  dielectric  pins  are  in  turn  sealed  by 
thin  metal  sleeves. 

Dispersion  in  Dielectric  Plates 

In  general  the  thicker  plates  have  better 
dispersion  characteristics  but  the  discontin- 
uity introduced  by  a quarter-inch  thick  plate 
is  sufficient  to  cause  generations  of  higher 
order  modes  at  the  transmitting  frequency 
(6.39  Gc),  and  a one-eighth  inch  thickness 
has  therefore  been  used.  This  overcomes  the 
difficulties  due  to  overmoding  but  increases 
dispersion,  the  differential  phase  shift  then 
being  no  longer  constant  over  the  required 
bandwidth.  This  has  led  to  the  investigation 
of  means  for  providing  compensation  for 
dispersion. 

Chu*  has  shown  analytically  that  a slight- 
ly distorted  circular  guide  can  propagate  two 
distinct  transverse  electric  modes  along  the 
two  axes  of  the  ellipse.  These  two  modes 
are  usually  known  as  the  odd  transverse 
electric  (OH!)  and  the  even  transverse  elec- 
tric (EHi)  waves.  If  a small  section  of 
elliptic  guide  (slightly  distorted  circular 
guide)  is  used  in  tandem  with  the  polarizer 
and  by  giving  proper  orientation  of  the  axes 
of  the  elliptic  guide  with  reference  to  the 
dielectric  plate  it  is  possible  to  give  slightly 


different  phase  velocities  to  the  two  orthog- 
onal components  of  the  circularly  polarized 
wave. 

The  values  of  relative  phase  difference  be- 
tween the  even  and  the  odd  mode  in  elliptic 
guide  have  been  calculated  for  various  values 
of  A.  Ellipticities  better  than  0.9  over  the 
band  4 to  7 Gc  have  been  obtained  as  shown 
in  Figure  10-26,  using  the  elliptical  guide 
compensating  section  in  tandem  with  the  di- 
electric plate  polarizer. 

The  loss  of  the  polarizer  comprises  two 
parts,  i.e.,  loss  due  to  dielectric  absorption 
and  loss  due  to  imperfect  circularity  of 
polarization,  the  noise  temperature  due  to 
the  polarizer  being  about  1.5°  K. 


Figure  10-26. — Polarizer  characteristics. 


Establishment  of  Field  Vectors 

Returning  to  the  question  of  establishing 
two  orthogonal  fields  for  the  transmitted 
and  received  signal  (Et  and  Ey,  Figure 
10-19),  consider  the  situation  where  the  re- 
ceived signal  from  the  aerial  is  to  be  right- 
handed  circularly  polarized  and  the  trans- 
mitted signal  into  the  dish  aerial  is  to  be 
lefthanded.  In  both  cases  the  component 
with  suffix  2,  Figure  10-27,  is  phase  delayed. 
The  polarizing  section  must  then  be  oriented 
with  reference  to  the  transmit  field  electric 
vector  Et,  while  the  receiving  field  electric 
vector  Ey-*,  is  delayed  by  180°  with  respect 

*Lan  Jen.  Chu,  “Electromagnetic  Waves  in  Ellip- 
tic Hollow  Pipes  of  Metal,”  J.  Appl.  Phys.,  Septem- 
ber 1938,  Vol.  9. 
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to  Ey  j , the  resultant  Ey  then  being  ortho- 
gonal to  E(, 

Conclusion 

The  diplexer  and  the  broadband  polarizer 
system  described  have  been  successfully  used 
in  the  Goonhilly  earth  station  installation 
for  tests  with  the  Telstar  satellite. 

A slightly  modified  version  has  been  used 
in  a combined  feed  assembly  to  provide  com- 
munication via  both  Telstar  and  Relay  satel- 
lites ; in  this  modified  version  of  the  diplexer 
the  transmitter  power  (1.7  Gc)  for  Relay 
propagates  through  a 5-inch  circular  wave- 
guide enclosing  the  2-inch  waveguide  diplex- 
er used  for  Telstar.  This  combined  feed, 
assembly  is  described  in  detail  in  the  follow- 
ing chapter. 


OUTGOING  TRANSMITTED  SIGNAL  INCOMING  RECEIVED  SIGNAL 

Figure  10-27. — Establishment  of  two  orthogonal 
fields  at  the  diplexer. 
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PRIMARY  FEEDS  FOR  THE  GOONHILLY  SATELLITE-COMMUNICATION  AERIAL 


Introduction 

The  85  ft  diameter  aerial  at  Goonhilly 
Downs,  Cornwall  uses  a focal-plane  para- 
boloidal reflector  illuminated  from  a primary 
feed  at  the  focus.  Circularlly  polarized 
waves  are  transmitted  and  received.  For 
optimum  gain  and  uniformity  of  the  aerial 
radiation  patterns,  circular  symmetry  of  the 
primary  feed  radiation  pattern  is  desirable. 
The  primary  feed  has  therefore  been  made 
circularly  symmetric. 

The  following  terms,  which  are  particu- 
larly applicable  to  large-aperture  low-noise 
parabolic  reflector  type  aerials,  are  used  in 
the  following  account  of  the  feed  design: 

Aerial  gain  factor  (G)  ; the  ratio  of  the 
actual  gain  obtained  to  that  of  a uniformly 
illuminated  aperture  of  the  same  area. 

Illumination  efficiency  (e)  ; the  ratio  of 
the  energy  illuminating  the  reflector  to  the 
total  energy  radiated  by  the  feed. 

Radiation  spillover;  the  energy  radiated 
by  the  feed,  not  illuminating  the  reflector. 

System  figure  of  merit ; the  ratio  of  aerial 
gain  to  the  total  receiving  system  noise-tem- 
perature in  degrees  Kelvin. 

Other  terms  and  symbols  used  are  given  in 
Table  10-3. 


Table  10-3. — List  of  Symbols 

G = Aerial  gain  factor 
e — Illumination  efficiency 
^ = Angular  half-aperture  of  aerial,  i.e.,  angle 
subtended  by  reflector  periphery  to  the  focus 
— Angle  subtended  to  focus 
Gf  (<£)  — Gain  function  of  primary  feed  radiation 
pattern 

Go  :==  Primary  feed  gain  when  <£  = : 0 
G vr/2  = Aerial  gain  factor  when  f = w/2 


P — Phase  constant  — -— */  1 — 


km  - yV-/*2 

/ 1 — Permeability  of  medium  (Henrys) 
e = Dielectric  constant  of  medium  (Farads) 

X — Free  space  wavelength 
Xc  — Waveguide  cut-off  wavelength 
\g  — Guide  wavelength 
w — 2vr  X frequency 
a .==  Radius  of  waveguide 
0 — Angle  subtended  to  center  of  ^waveguide 
aperture 

Jn(x)  — BesseTs  Function  of  nth  order 

Primary  feed  radiation  patterns  usually 
have  a field  intensity  which  is  maximum  in 
the  direction  of  the  vertex  and  which  tapers 
towards  the  periphery  of  the  reflector.  Spill- 
over is  normally  permitted  to  obtain  an  op- 
timum gain  factor.  However,  for  the  recep- 


THE  GOONHILLY  DOWNS  SPACE  COMMUNICATIONS  STATION 


707 


tion  of  low-level  signals,  when  the  aerial  is 
pointing  towards  a low-temperature  sky, 
some  consideration  must  be  given  to  spill- 
over which  results  in  the  reception  of  ther- 
mal radiation  from  the  earth.  The  spillover 
permitted  with  a receiving  aerial  may  then 
be  less  than  that  with  a transmitting  aerial 
for  optimum  working  conditions.  The  op- 
timum spillover  for  reception  also  varies 
with  the  aerial  elevation,  but  5 degrees  is 
an  appropriate  elevation  for  consideration 
since  then  the  sky  temperature  has  the  fair- 
ly low  figure  of  about  20  degrees  Kelvin 
(°K)*  and  the  spillover  noise  temperature 
is  very  nearly  maximum.  At  low  angles  of 
elevation,  approximately  one-half  of  the 
spillover  energy  is  at  the  average  sky  tem- 
perature (assumed  to  be  6°  K)  and  the  other 
half  at  the  temperature  of  the  earth. 

The  experiments  with  the  Telstar  and  Re- 
lay satellites  require  transmitting  frequen- 
cies at  the  ground  stations  of  about  6390 
and  1725  Me  respectively,  and  a common 
receive  frequency  of  about  4170  Me.  The 
initial  time  available  for  development  made 
it  imperative  to  consider  at  the  outset  a 
separate  primary  feed  design  for  each  ex- 
periment. However,  a composite  feed  unit 
capable  of  accommodating  all  three  fre- 
quencies is  now  in  use. 

Aerial  Gain  Factor  and  System  Figure  of  Merit 

The  gain  factor  of  a parabolic  aerial  is 
given  by* : 

* r i2 

I <?,<*)  tan  |2 

o 

(10.15) 

Classes  of  primary  feed  patterns  consid- 
ered analytically  by  Silver  are  given  by: 

Gf4>  — G0  cos”  <f>  (10.16) 

between  the  limits  <f>  — +w/2  and  —w/2,  and 
where  n = 2,  4,  . . . etc. 

When  n — 2,  the  optimum  aperture  ^ is 
about  66°  and  the  gain  factor  obtained  is 
about  0.83.  The  primary  feed  illumination 


G = cot2—  I ( 


at  the  reflector  periphery  is  then  about  —10 
db  relative  to  that  at  the  vertex. 

In  the  case  of  the  focal  plane  paraboloidal 
reflector,  the  angular  aperture,  41,  is  ir/2  and 
the  gain  factor  is : 

ir/2 

Gw/2  - I ( [(?/(<£)] 1/2  tan  ( <j>/2 ) d <p  f* 

' (10.17) 

For  the  feed  pattern  given  by  Equation 
(10.16),  the  gain  factor  is  only  0.57.  To 
obtain  a higher  value  therefore  it  is  neces- 
sary to  broaden  the  feed  pattern  allowing 
some  spillover.  This  can  be . considered  an- 
alytically by  assuming  a primary  feed  pat- 
tern given  by: 

Gf(<j>)  = G0  cos”  m<£, . , . (10.18) 

between  the  limits  w<£  = -\-w/2  and  —w/2, 
and  where  m lies  between  0.5  and  1.0. 


Figure  10-28. — V ariation  of  aerial  gain  factor 
with  m. 


When  the  gain  factor  obtained  from  Equa- 
tion (10.17)  is  plotted  against  the  param- 
eter m,  the  curve  in  Figure  10-28  is  obtained 
for  n — 2.  This  curve  indicates  that  an 
optimum  gain  factor  of  about  0.78  is  ob- 
tained with  m ==  0.7. 

When  the  effects  of  radiation-spillover  are 
considered,  the  following  approximate  for- 

*D.  C.  Hogg:  Problems  in  Low  Noise  Reception 
of  Microwaves,  I,  R.  E.  Trans.,  Nat.  Symp.  on  Space 
Electronics  and  Telemetry,  1960,  p 8-2. 

*S.  Silver:  Microwave  Antenna  Theory  and  De- 
sign, M.  I.  T.  Radiation  Laboratory  Series  No.  12. 
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mula  for  the  system  noise  temperature  is 
obtained : 

Ta  = T1- f eT2  + ^ - To  + (1  ~-  e)-  r4 

z z 

where 

Ti  — noise  temperature  of  the  receiving 
equipment  (apart  from  the  aerial) 

T 2 = sky  temperature  seen  by  the  aerial 
main  lobe  (20°K  is  assumed  at  5° 
elevation) 

Ts  = average  sky  temperature,  assumed  to 
be  6°K 

Ti  = effective  ground  noise-temperature 
Curves  are  plotted  in  Figure  10-29,  giving 
values  of  figure  of  merit  for  an  85  ft  diam- 
eter focal-plane  aerial  with  various  values 
of  ground  noise-temperature  and  with  a 
receiving  apparatus  noise-temperature  of 
50°  K.  A ground  temperature  of  280°  K 
is  the  figure  assumed  where  the  reflection 
coefficient  of  the  earth  is  zero,  i.e.,  the  earth 
is  regarded  as  a black  body  radiator.  A 
temperature  of  180°  Kelvin  is  where  the 
ground  reflection  coefficient  is  about  0.6,  as 
estimated  at  Goonhilly  Downs,  and  the  case 
of  6°  Kelvin  is  where  the  use  of  an  earth- 


Figurb  10-29. — Dependence  of  system  figure  of  merit 
on  the  radiation  pattern  of  a primary-feed  illum- 
inating an  85  ft  diameter  reflector. 


screen  is  possible,  giving  an  image  of  the 
sky  in  the  lower  hemisphere  of  radiation. 
The  latter  is  an  interesting  case  because  the 
spillover  temperature  is  lower  than  that  of 
the  main  lobe.  The  condition  for  maximum 
figure  of  merit  is  then  very  nearly  coincident 
with  the  requirements  for  maximum  gain 
factor,  and  the  effective  aerial  temperature 
is  less  than  that  of  the  main  lobe.  Optimum 
figures  for  the  three  ground  temperatures 
and  for  apparatus  temperatures  of  50°  and 
30°  K are  summarized  in  Table  10-4, 

Table  10-4.- — Optimum  Performance  Figures  of  the  Focal- 
Plane  Paraboloid  for  Various  Ground  Noise  Temperatures 


Equipment  temperature  -50°K 
Sky  temperature  =20°K 


Ground 
temperature 
(degrees  K) 

m 

System 
Figure  of 
merit  (db) 

Aerial 

gain 

factor 

System 
noise  temp, 
(degrees  K) 

280 

0.8 

41.2 

0.758 

73.1 

180 

0.77 

41.3 

0.77 

72.8 

6 

0.69 

41.6 

0.777 

68.6 

280 

0.816 

42.6 

0.75 

52.5 

180 

0.78 

42.7 

0.765 

52.4 

6 

0.68 

43.1 

0.777 

48.7 

Primary  feed  radiation  patterns  for  m 
values  of  0.8  and  0.69  are  shown  in  Figure 
10-30. 


-DEGREES- 


Gf  ($  - Go  cos2  m <f> 

"=0.8  BETWEEN  LIMITS  ± f 

m = 0.7 


Figure  10-30. — Primary  feed  radiation  pattern. 
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Radiation  from  a Small  Aperture 

The  radiation  patterns  of  a TEn  wave 
from  an  open-ended,  circular  waveguide  have 
been  calculated  by  Chu*,  and  the  normalized 
patterns  are  given  by  : 

The  E-plane  field 

2 |l  + -A  • cos  0 j Ji  ( ka sin  6) 

^(E-plane)  = — — ~ — 

j 1 + -^-J  ka  sin  6 

(10.19) 

and  the  H-plane  field, 

B (H-plane)  — 

cos  £ J0  (ka  sin  6)  — J2  (ka  sin  0)J 

r i 7 j®'  i r i _ fc2sin2<?] 

L1  + L a*.  J (io.20) 

At  4170  Me,  the  E and  H Radiation  pat- 
terns from  a 2-inch  circular  waveguide  (Fig- 
ure 10-31)  show  that  for  use  as  a primary 
source  of  a low-temperature  aerial  the  rear- 
ward radiation  is  excessive.  It  could  be  re- 
duced, by  increasing  the  waveguide  aperture, 


E - PLANE  PATTERN 
H - PUNE  PATTERN 


Figure  10-31. — Radiation  pattern  (theoretical)  of 
open  ended  2 inch  diameter  circular  waveguide. 


but  then  the  breadth  of  forward  radiation 
would  not  be  obtained. 

A circular  flange  placed  about  the  wave- 
guide aperture  has  a marked  effect  upon 
both  the  rearward  radiation  and  the  shape 
of  the  forward  lobe.  A feed  with  a 3-1/2- 
inch  diameter  flange  about  a 2-inch  aper- 
ture has  measured  radiation  characteristics 
showing  reduced  rearward  radiation  al- 
though increased  directivity.  The  aerial  gain 
factor  and  noise  temperature  obtained  with 
this  feed  are  estimated  to  be  0.53  and  5°K 
respectively.  Improved  radiation  patterns 
were,  however,  obtained  by  placing  the 
flange  at  critical  distances  behind  the  aper- 
ture, and  further  improvements  were  made 
by  using  two  or  more  flanges.  Experiments 
resulting  in  3-inch  and  4-1/2-inch  diameter 
flanges,  positioned  1/4  and  1-1/2  inches  re- 
spectively behind  the  aperture,  yielded  the 
radiation  patterns  shown  in  Figure  10-32. 
Since  the  waveguide  wall  adversely  affected 
the  pattern,  its  thickness  beyond  the  3-inch 
flange  was  reduced  to  a knife-edge.  The 
Telstar  feed  is  based  on  the  above,  but  the 
Relay' and  composite  feeds  with  5-inch  diam- 
eter tubes  have  alternative  flange  assemblies. 


E - PLANE  PATTERN 

H - PLANE  PATTERN 


Figure  10-32. — Radiation  patterns  of  Telstar  feed. 

*L.  J.  Chu:  Calculation  of  the  Radiation  Proper- 
ties of  Hollow  Pipes  and  Horns,  Journal  of  Applied 
Physics,  September  1940,  (2,  p 603-610). 
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Telstar  Feed 

General 

The  Telstar  feed  is  in  the  form  of  a di- 
plexer,  the  transmit  frequency  being  higher 
than  the  receive  frequency.  Greater  empha- 
sis has  been  given  to  obtaining  optimum 
operation  over  the  receiving  band  about  4170 
Me.  But  since  the  minimum  usable  aperture 
at  this  frequency  has  a diameter  of  about 
2 inches,  a more  directional  feed  pattern  is 
obtained  at  the  transmit  frequency,  result- 
ing in  slight  aerial  beam  broadening  and 
reduced  gain  factor.  Since  the  flanges  used, 
for  pattern  shaping  and  noise  reduction  at 
4170  Me  affect  only  slightly  the  6390  Me 
pattern,  the  form  of  aperture  used  in  the 
Telstar  feed  (Figure  10-33)  is  that  referred 
to  in  the  description  of  the  Telstar  feed  on 
this  page. 

Matching 

The  impedance  discontinuity  at  the  feed 
aperture  without  compensation  is  greater  at 
4170  Me  giving  a VSWR  of  about  0.74  com- 
pared with  0.96  at  6390  Me.  Matching  is 
provided  by  interposing  within  the  wave- 
guide a section  of  guide  of  different  impe- 
dance. The  waveguide  section  is  realized  in 
practice  by  fitting  a dielectric  sleeve  of  the 

RADIATION 


Figure  10-33. — Telstar  feed. 


required  dimensions  within  the  2-inch  diam- 
eter guide.  The  sleeve  has  only  a small  effect 
on  the  matching  at  6390  Me  as  the  length  is 
about  0.5  A g at  this  frequency.  The  position 
of  the  sleeve  and  its  thickness  are  such  that 
improved  matching  is  obtained  at  4170  Me. 

A VSWR  of  greater  than  0.97  was  thus 
obtained  over  the  transmit  and  receive  fre- 
quency bands. 

Description 

The  Telstar  feed  (Figure  10-33)  has  the 
circular  brass  flanges  soldered  on  the  out- 
side of  the  waveguide,  the  aperture  end  of 
which  has  been  chamfered.  The  dielectric 
matching  cylinder  is  of  P.T.F.E.  and  is  set 
into  a slight  undercut  in  the  waveguide. 
Adjustments  to  the  position  of  the  aperture 
on  assembly  are  made  by  inserting  circular 
waveguide  spacers  between  the  connecting 
flanges  of  the  primary  feed  and  the  wave- 
guide feeder. 

Feed  Performance 

The  radiation  patterns  of  the  Telstar  feed 
(Figure  10-32)  show  that  at  the  receive 
frequency  the  average  illumination  taper  is 
about  — 13  db  at  ± 90°.  The  aerial  gain 
factor  obtained  from  the  feed  pattern  and 
the  use  of  Equation  (10.17)  is  estimated  to 
be  0.66.  The  illumination  efficiency  is  about 
0.966  and  with  a noise-temperature  of 
180°K  due  to  the  surrounding  terrain,  the 
effective  increase  in  system  temperature  due 
to  spillover  is  2.5°K  with  the  aerial  at  5° 
elevation.  The  pattern  at  6390  Me  is  con- 
siderably more  directional  and  yields  a gain 
factor  of  0.51  and  an  illumination  taper  of 
about  — 21  db  in  the  focal  plane. 

Aerial  radiation  patterns,  calculated  from 
the  average  primary  feed  patterns,  have 
half-power  beamwidths  of  12.2  and  8.2  min- 
utes at  4170  and  6390  Me  respectively. 

Relay  Feed 

General 

In  the  ease  of  the  Relay  feed,  with  the 
lower  transmitting  frequency  of  1725  Me, 
compared  with  the  Telstar  feed,  a larger 
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feed  aperture  was  necessary.  Since,  how- 
ever, maximum  aerial  efficiency  and  low 
noise  temperature  was  again  required  at 
the  receive  frequency,  it  was  imperative  to 
consider  the  design  of  individual  primary 
sources  for  transmission  and  reception.  Of 
the  types  of  feed  investigated,  a coaxial  aper- 
ture was  considered  effective,  the  1725  Me 
signal  being  transmitted  through  a coaxial 
waveguide  in  the  TEri  coaxial  mode,  and 
the  4170  Me  signal  being  received  in  the 
associated  hollow  inner  conductor  and  sup- 
ported in  the  TEn  circular- waveguide  mode. 
Since  the  cut-off  wavelength  of  the  inner 
guide  is  less  than  the  transmit  wavelength, 
the  high-power  signal  is  rapidly  attenuated 
along  the  receiving  guide. 

Description 

The  feed  assembly  (Figure  10-34)  has 
waveguide  size  WG8  coupled  to  a power 
divider  which  divides  the  waveguide  into  two 
half -section  guides.  These  diverage  to  allow 
the  inclusion  of  a WG11  binomially-stepped 
corner  in  a waveguide  combining  section. 
The  transducer  following  transforms  the 
WG11  waveguide  to  2-inch  circular  guide 
and  the  two  half -section  WG8  waveguides 
to  septate  5-inch  diameter  coaxial  guide.  The 
wedges  through  the  transition  provide  me- 
chanical rigidity  as  well  as  continuity  of  mode 
transformation.  The  septate  coaxial  guide  is 
coupled  to  a coaxial  section  in  which  the 
transmitted  signal  is  converted,  from  linear 
to  circular  polarization  through  a matched 


Figure  10-34.— Relay  feed. 


pair  of  dielectric  quarter-wave  plates  of 
P.T.F.E.,  having  low-loss  and  a high  melting 
point.  The  principle  of  operation  of  this 
polarizer,  although  in  coaxial  guide,  is  simi- 
lar to  that  used  in  the  Telstar  feed,  which  has 
been  described  in  the  previous  section  of  this 
chapter.  A dielectric  filter  near  the  coaxial 
aperture,  while  permitting  low-loss  transmis- 
sion at  1725  Me  provides  substantial  reflec- 
tion at  the  receive  frequency  thus  reducing 
radiation  of  noise  from  the  high-temperature 
transmit  aperture.  The  filter  is  positioned 
relative  to  the  aperture  to  obtain  a broad 
radiation  pattern  at  the  receive  frequency 
consistent  with  low-level  spillover.  Circular 
flanges  about  the  outer  conductor  provide 
pattern  shaping  at  the  transmit  as  well  as 
the  receive  frequency. 

The  dielectric  polarizer  and  the  matching 
in  the  inner  waveguide  are  similar  to  those 
in  the  Telstar  feed. 

Composite  Feed 

Description 

The  composite  feed  (Figure  10-35  and 
10-36)  comprises  the  component  parts  of  the 
Relay  and  Telstar  feeds.  The  Relay  trans- 
ducer is,  however,  separated,  to  perform  the 
waveguide  transformations  at  different  parts 
of  the  assembly. 

The  waveguide  from  the  Relay  transmitter 
is  again  coupled  to  a power  divider  to  pro- 
vide the  two  half-section  guides  allowing 
the  inclusion  of  a WG14  bend.  The  com- 
ponents in  the  center  guide  are  then  in  the 
same  sequence  as  in  the  Telstar  feed  and 
comprise  a WG14/2  inch  circular  waveguide 
transducer,  WG11/2  inch  circular  waveguide 
diplexer,*  dielectric  polarizer  and  the  aper- 
ture matching  section.  In  the  transmitting 
outer  guide  the  two  half  sections  of  WG8 
sandwich  the  inner  guide  as  far  as  the  second 
transducer,  where  the  rectangular  guides  are 
transformed  to  septate  coaxial  guide.  The 
coaxial  section  is  then  similar  to  that  in  the 
Relay  feed. 

*D.  Chakraborty  and  G.  F.  D.  mill  ward:  A 4/6 
Gc  Circularly-Polarized  Diplexer  for  the  Goonhilly 
Satellite  Communication  Aerial. 
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DIELECTRIC 

FILTER 


Figure  10-35. — Telstar/Relay  composite  feed  unit. 


Figure  10-36. — Composite  feed. 


In  the  Telstar  experiments  the  inner  guide 
and  its  components  are  used,  the  5 inch 
diameter  aperture  and  flanges  functioning 
only  to  shape  the  radiation  pattern.  In  the 
Relay  experiments,  the  WG8/5  inch  diameter 
coaxial  guide  carries  the  transmitting  sig- 
nal, and  the  internal  circular  guide  receives 
the  satellite  signal,  the  diplexer  transferring 
it  to  the  main  receive  waveguide  feeder. 


Performance 

The  impedance  matching  into  the  com- 
posite feed  gives  a VSWR  of  0.97  at  1725 
Me.  The  matching  characteristic  measured 
over  a frequency  range  is  that  shown  in  Fig- 
ure 10-37. 

The  ellipticity  ratio  of  the  circularly  po- 
larized fields  within  the  coaxial  waveguide 
is  about  0.98.  The  radiation  pattern  at  the 
transmit  frequency  has  a field  intensity  taper 
of  — lOdb  in  the  focal  plane,  and  gives  an 
aerial  gain  factor  of  about  0.67.  The  receive 
pattern  is  very  similar  to  that  of  the  Telstar 
feed  and  gives  a gain  factor  of  0.66  and  an 
illumination  efficiency  of  0.967. 

Mode/  Aerial  Tests 

During  the  period  of  feed  development, 
some  considerable  experience  was  obtained 


VOLTAGE  STANDING  WAVE  RATIO 
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Figure  10-37. — Composite  feed — overall  matching 
characteristics. 


with  a 10  ft  diameter  focal-plane  reflector 
modeled  on  the  Goonhilly  aerial.  The  model 
primary  feeds  were  scaled  to  operate  at  about 
11  Gc.  A typical  radiation  pattern  obtained 
with  a model  Telstar  feed,  vertically  polar- 
ized (Figure  10-38)  shows  that  apart  from 
the  main  lobe  and  immediate  side  lobes, 

1.  At  bearings  up  to  ±20°  relative  to  the 
electrical  axis,  the  radiation  is  largely  due 
to  scatter  from  the  tetrapod  structure.  This 
was  shown  by  measurements  with  the  tetra- 
pod removed  and  the  feed  supported  by  thin 
nylon  cords  . 


DEGREES 


Figure  10-38. — H-plane  radiation  pattern  of  model 
aerial  with  Telstar  feed  scaled  to  operate  at 
11.1  Gc. 


2.  At  bearings  between  ±20°  to  ±90°  the 
radiation  is  predominately  primary  feed 
spillover. 

The  pattern  with  horizontal  polarization 
showed  a greater  level  of  primary  feed  spill- 
over consistent  with  the  larger  level  meas- 
ured in  this  plane  in  the  primary  feed  radia- 
tion pattern  (Figure  10-30). 

Conclusions 

Using  idealized  primary  feed  radiation 
patterns  for  guidance,  it  is  evident  that  the 
permissible  spillover  is  dependent  upon  the 
effective  noise-temperature  of  the  surround- 
ing terrain,  and  to  a lesser  extent  on  the 
noise-temperature  of  the  system  receiving 
equipment.  Where  the  equipment  and  ground 
temperatures  are  about  50  and  180°K  respec- 
tively, a primary  feed  illumination  taper  of 
about  — 15db  is  required,  for  an  optimum 
figure  of  merit  at  low  angles  of  aerial  eleva- 
tion. The  effect  of  spillover  is  then  to  in- 
crease the  system  noise  temperature  by  about 
2.8  degrees,  the  gain  factor  being  0.77.  How- 
ever, if  it  were  possible  to  reduce  the  effec- 
tive ground  temperature  further,  then  the 
spillover  could  be  increased  to  provide  a 
greater  aerial  gain  factor. 

Experiments  with  circular  flanges  about 
a circular-waveguide  aperture  have  resulted 
in  primary  feed  patterns  giving  a gain  fac- 
tor of  about  0.65  and  an  effective  noise  tem- 
perature increase  of  about  0.65  and  an  effec- 
tive noise  temperature  = 180°K) . The  illu- 
mination taper  at  the  reflector  periphery  is 
about  19db.  If  it  were  possible  to  broaden 
the  feed  pattern  further  to  increase  the  gain 
factor,  a closer  approach  to  the  ideal  could 
be  obtained. 

Author.  This  chapter  from  the  United 
Kingdom  was  authored  by  the  General  Post 
Office,  London,  England.  The  forgoing  sec- 
tion on  Primary  Feeds  for  the  Goonhilly 
Satellite-Communication  Aerial  was  authored 
by  I.  A.  Ravenscroft  of  the  GPO. 
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WAVEGUIDE  FEEDER  SYSTEM 


Introduction 

There  are  two  features  which  distinguish 
the  feeder  arrangements  at  a satellite  earth 
station  from  those  used  in  conventional  mi- 
crowave line-of -sight  links.  The  first  is  the 
importance  of  low  loss  in  all  waveguides  and 
components  and  the  second  is  the  need  for 
rotating  joints.  Losses  are  important  in  the 
receive  direction  because  they  contribute 
signficantly  to  the  overall  system  noise  tem- 
perature while,  in  the  transmit  direction,  not 
only  do  they  waste  expensive  transmitter 
power  but  localized  points  of  high  loss  can 
give  rise  to  the  formation  of  ares  when  the 
power  is  applied.  Rotating  joints  are  re- 
quired on  the  elevation  axis  of  the  aerial  to 
permit  waveguide  connection  between  appa- 
ratus in  the  turntable  cabin  and  on  the  dish. 

In  the  installation  at  Goonhilly,  three  sep- 
arate waveguide  connections  are  required 
between  the  turntable  cabin  and  the  focus 
platform ; one  each  for  the  Telstar  and  Relay 
transmitters  operating  at  6390  and  1725  Me 
respectively,  and  one  for  the  receiver  feed, 
routed  via  the  maser  cabin  on  the  back  of 
the  dish  and  operating  at  4170  and  4080  Me. 
Dominant-mode  rectangular  waveguide  is 
used  for  these  runs,  and  the  components  and 
installation  practices  used  follow  normal 
practice  as  far  as  possible. 

Main  Waveguide  Runs 

Figure  10-39  shows  the  layout  of  the  main 
waveguide  runs.  Rectangular  waveguide  is 
used  in  sizes  WG  8,  11  and  14  for  the  1725, 
4170  and  6390  Me  guns,  respectively.  Copper 
waveguide,  using  electrolytic  copper,  is  em- 
ployed to  minimize  the  losses. 

It  can  be  seen  from  the  sketch  that  a 
relatively  large  number  of  bends  or  corners 
are  required  on  each  waveguide  run,  includ- 
ing some  at  special  angles  as  at  each  end  of 
the  tetrapod  legs.  Fabricated  corners  of  the 
simple  mitred  type  are  used  in  the  WG  8 
run.  Typically,  these  give  a measured  VSWR 
of  0.995  at  band  center  (1725  Me),  the 
VSWR  remaining  greater  than  0.99  over  a 


Figure  10-39. — Layout  of  main  waveguide  runs. 


bandwidth  of  ± 20  Me.  In  the  WG  11  run, 
binomially-matched  fabricated  corners  are 
used  because  the  required  bandwidth  is 
greater — the  beacon  signal  at  4080  Me  must 
be  accommodated  in  addition  to  the  communi- 
cation signal  at  4170  Me.  The  VSWR  of  these 
corners  is  typically  0.995  at  4170  Me  and 
greater  than  0.99  at  4080  Me.  In  the  WG14 
run,  the  compactness  of  the  fabricated  cor- 
ner is  of  less  importance  than  in  the  larger 
sizes  and  also  the  high  power-density  of  the 
transmitted  signal  makes  the  use  of  fabri- 
cated corners  inadvisable.  Bends  which  are 
made  by  blending  copper  waveguide  on  a 
suitable  mandrel  are  therefore  used.  The 
VSWR  of  such  bends  is  typically  0.985  at 
6390  Me. 
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The  use  of  large  mean  powers  in  wave- 
guide systems  is  less  common  than  the  use  of 
large  peak  powers.  However,  experience  has 
shown  that  waveguide  systems  carrying 
large  mean  powers  are  subject  to  the  forma- 
tion of  arcs  at  power  levels  of  more  than  an 
order  of  magnitude  below  those  which  might 
be  expected  to  give  trouble  from  voltage 
breakdown.  No  adequate  theory  exists  for 
this  type  of  breakdown  but  it  is  known  that 
one  cause  is  localized  overheating  of  particles 
such  as  dust,  swarf  or  shreds  from  rubber 
sealing  rings.  A consequence  of  the  lack  of 
an  adequate  theory  of  cw  breakdown  is  that 
it  is  not  possible  to  design  a component  with 
any  assurance  that  it  will  not  break  down 
in  service  unless  it  has  been  tested  at  full 
power.  Special  precautions  were  taken  dur- 
ing the  installation  of  the  waveguide  runs 
to  ensure  that  the  interior  surfaces  of  all 
waveguide  and  all  components  were  kept 
scrupulously  clean,  particularly  in  the  case 
of  the  WG14  installation  where  the  power 
density  is  very  high.  The  flange  joints  on 
the  WG8  runs  were  improved  by  using  me- 
tallic gaskets. 

The  performance  of  the  WG11  and  WG14 
runs  was  measured  after  installation  with 
the  following  results.  The  WG11  between 
the  maser  cabin  and  the  focus  platform  gave 
a VSWR  of  between  0.91  and  0.96  in  the 
frequency  range  4070-4185  Me.  The  attenua- 
tion, calculated  from  VSWR  measurements 
with  a short-circuiting  plate  over  the  guide, 
was  0.262  db  compared  with  the  theoretical 
figure  of  0.188  db  for  plain  copper  guide  of 
the  same  l.ength.  The  WG11  run  between 
the  turntable  cabin  and  the  rotating  joint 
on  the  elevation  axis  gave  a VSWR  of  be- 
tween 0.89  and  0.98  over  the  frequency 
range  4060-4175  Me  and.  the  attenuation  was 
0.67  db  compared  with  a theoretical  figure  of 
0.52  db.  The  WG14  run  between  the  turn- 
table cabin  and  the  focus  platform  gave  a 
VSWR  of  between  0.82  and  0.97  over  the 
frequency  range  6350-6430  Me  and  the  at- 
tenuation was  1.94  db  as  compared  with  a 
theoretical  figure  of  1.76  db. 


Rofcrfing  Joints 

Rotating  joints  were  required  at  the  eleva- 
tion axis  of  the  aerial  to  permit  the  wave- 
guide connections  from  the  dish  to  be  extended 
down  to  the  apparatus  in  the  turntable  cabin. 
A separate  joint  is  required  for  each  fre- 
quency band  but  the  basic  principle  is  the 
same  for  all.  This  is  that  the  TE0i-mode 
wave  in  rectangular  guide  is  converted  to  a 
circularly  polarized  (or  rotating)  TEn-mode 
wave  in  circular  guide.  The  joint  itself  is 
in  the  circular  guide  and  uses  a simple 
choked  flange,  the  rubbing  contact  occurring 
at  the  high-impedance  junction  between  the 
two  quarter-wave  sections  of  the  choke. 
After  the  joint,  the  wave  is  converted  back 
again  to  the  dominant  mode  in  rectangular 
guide.  This  class  of  rotating  joint  was  cho- 
sen for  economy  in  design  effort  as  some  of 
the  components  used  in  it  are  also  required 
for  other  purposes. 

The  6390  Me  version  of  the  rotating  joint 
was  not  completed  in  time  for  the  initial 
installation  at  Goonhilly  and  a length  of 
flexible  (twistable)  rectangular  waveguide 
was  installed  instead.  This  was  arranged  so 
that  it  is  straight  when  the  aerial  elevation 
is  45°,  the  maximum  bending  thus  being  ± 
45°.  This  arrangement  has  proved  so  success- 
ful that  it  is  doubtful  whether  it  is  worth- 
while replacing  it  with  the  more  complex 
rotating  joint. 

Figure  10-40  shows  a sketch  of  the  4170 
Me  rotating  joint.  To  minimize  the  axial 


Figure  10-40, — Rotating  joint. 
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length  of  the  unit,  a binomially  corrected 
stepped  transition  is  used  to  convert  the  TE0i 
wave  in  rectangular  guide  to  a TEU  wave  in 
circular  guide.  A constant  guide-width  is 
maintained  throughout  the  intermediate  rec- 
tangular steps  of  the  transition  to  simplify 
the  problem  of  obtaining  a theoretical  start- 
ing point  for  the  design.  The  final  dimen- 
sions are,  however,  obtained  by  experimental 
modifications  of  the  initial  design.  In  its 
final  form  the  transition  has  a VSWR  in  ex- 
cess of  0.98  from  4070  Me  to  greater  than 
4300  Me,  the  figure  for  4170  Me  being  about 
0.99.  The  TEn  wave  in  the  circular  guide 
is  converted  to  a circularly  polarized  wave 
by  the  finline  polarizer.  This  contains  a 
copper  fin  inserted  into  circular  guide  at  an 
angle  of  45°  to  the  plane  of  polarization  of 
the  linearly  polarized  incident  TEn  wave, 
and  retards  the  phase  of  the  resolved  com- 
ponent of  the  incident  wave  which  is  paral- 
lel to  the  fin  by  90°  with  respect  to  the  com- 
ponent which  is  at  right  angles  to  the  fin.  The 
circularly  polarized  wave  which  emerges  has 
the  necessary  circular  symmetry  to  permit 
the  joint  to  be  rotated  without  introducing 
variations  in  its  transmission  properties.  The 
joint  itself  is  of  the  simple  choke-flange  type 
with  a rubbing  contact  at  the  current  null 
in  the  choke.  Time  did  not  permit  the  in- 
vestigation of  more  sophisticated  joints  but 
present  indications  are  that  the  simple  type 
is  quite  adequate.  Following  the  joint, 
another  polarizer  and  stepped  transition  con- 
vert the  circularly  polarized  wave  back  to 
the  normal  TE0i  wave  in  rectangular  guide. 
The  insertion  loss  of  the  complete  rotating 
joint  is  0.035  db  at  4170  Me  and  the  YSWR 
is  nearly  constant  at  0.95  over  the  range  of 
angles  of  rotation  which  are  used  and  over 
the  frequency  range  4080-4183  Me.  The  ro- 
tating joint  for  the  1725  Me  waveguide  run 
is  similar  in  principle  to  that  just  described 
but  uses  waveguide  turnstiles  to  convert 
from  rectangular  guide  to  circularly  polar- 
ized waves  in  circular  guide.  This  arrange- 
ment leads  to  a shorter  axial  length.  Initially, 
some  doubts  were  experienced,  about  the 
bandwidth  of  this  type  of  joint  but  the  per- 


formance has  proved  to  be  adequate.  At 
mid-band  frequency,  1725  Me,  the  VSWR 
is  about  0.99  irrespective  of  angle  of  rota- 
tion while  at  ± 20  Me  the  VSWR  varies 
between  0.95  and  0.99  with  angle  of  rotation. 

Waveguide  for  Receiver  Input 

The  losses  which  occur  between  the  pri- 
mary feed  at  the  focus  of  the  dish  and  the 
input  port  of  the  maser  are  of  particular 
importance  because  they  contribute  signifi- 
cantly to  the  overall  system  noise  tempera- 
ture. Unfortunately,  a large  number  of 
waveguide  components  is  required  in  this 
part  of  the  system  in  addition  to  the  plain 
waveguide,  and  this  increases  the  difficulty 
in  making  the  total  loss  small.  The  path 
between  the  primary  feed  and  the  maser  in- 
cludes the  broad-band  polarizer  and  diplexer 
(described  elsewhere)  , flexible  waveguide  to 
permit  the  feed  to  be  moved,  some  31  ft  of 
waveguide  between  the  diplexer  and  the 
maser  cabin  and  the  rather  complex  assembly 
of  components  within  the  maser  cabin  which 
is  illustrated  in  Figure  10-41.  The  assembly 
in  the  maser  cabin  is  required  to  provide  the 


Figure  10-41. — Schematic  of  equipment 
in  aerial  cabin. 
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desired  test  facilities  and.  to  provide  an  al- 
ternative path  for  the  beacon  signal  which 
lies  outside  the  pass  band  of  the  maser. 

Of  the  components  in  the  maser  cabin,  the 
filter  which  separates  the  beacon  signal  from 
the  communication  signal  could  have  the 
greatest  potential  for  introducing  loss  in  the 
communication  channel.  However,  by  em- 
ploying a resonant  cavity  coupler  for  the 
beacon  channel,  this  loss  is  only  0.033  db  at 
4170  Me,  and  the  loss  in  the  beacon  path  is 
1.3  db  at  4080  Me.  The  coupling  loss  between 
the  beacon  guide  load  and  communication 
channel  output  is  33  db  so  the  extra  contri- 
bution to  system  noise  is  negligible. 

The  filter  pair  which  combines  the  com- 
munication and  beacon  signals  at  the  output 
of  the  maser  and  a similar  pair  which  is  fit- 
ted in  the  turntable  cabin  and  feeds  the  two 
receivers,  are  of  straightforward  design  and 
use  three  quarter-wave-coupled  triple-post 
cavities.  The  isolator  which  follows  the 
maser  and  the  circulator  in  the  maser  by-pass 
are  provided  to  ensure  that  the  filters,  which 
are  designed  on  an  insertion  loss  basis,  are 
correctly  terminated,  and  so  give  their  design 
performance. 

In  view  of  the  importance  of  knowing  the 
very  small  losses  introduced  by  individual 
components,  an  experimental  equipment  for 
measuring  very  small  losses  has  been  devel- 
oped. An  analysis  of  the  loss  figures  for  the 
pre-maser  waveguide  components  is  given  in 
Table  10-5.  ' 

It  can  readily  be  shown  that  a matched 
network  of  loss  L (input/output  power 
ratio)  at  a temperature  T0,  inserted  between 
an  aerial  of  noise  temperature  Ta  and  a low- 
noise  receiver  (e.g.,  maser)  as  a temperature 
Tr,  increases  the  effective  aerial  temperature 
by  To  (L  - 1).  Thus  the  total  effective  noise 
temperature  of  the  system  referred  to  the 
aerial  is : 

Ta  + T0(L-  l)  + LTr. 

Using  the  figures  of  Table  10-5  this  be- 
comes : 

{Ta  + 42  + 1.14  TV)  °K, 


Table  10-5. — Analysis  of  Losses  in  Pre-Maser  Waveguide 
Components 


Component 

Loss — db 

Diplexer  (incl.  polarizer)  _ 

0.100 

Connecting  section  (incl.  twist  and  1 corner) 

0.074 

External  WG11  (incl.  flexible  section  and 
2 corners)  

0.232 

Internal  WGll  (incl.  I window  and  2 corners) 

0.021 

Waveguide  switch,. _ 

0.028 

Directional  coupler 

0.048 

Internal  WGll  (incl.  5 corners) <_■_ 

0.047 

Beacon  separation  filter 

0.033 

Total 

0.583 

or  referred  to  the  maser  input : 

(0.87  Ta  + 37  + Tr)  °K. 

As  the  system  noise  temperature  measured 
at  the  maser  input,  with  the  aerial  pointing 
at  zenith,  is  56  °K  and  the  effective  maser 
noise  temperature  is  of  the  order  of  13  °K, 
the  component  of  the  noise  temperature  due 
to  the  waveguide  losses  cannot  differ  very 
much  from  the  estimated  figure  of  37°K. 
While  this  figure  is  large,  it  can  be  seen  from 
the  table  that  there  is  not  much  scope  for  a 
substantial  reduction  unless  the  first-stage 
amplifier  can  be  placed  nearer  the  feed.  The 
largest  single  component  is  the  waveguide 
run  between  the  diplexer  and  the  maser 
cabin.  Consideration  is  being  given  to  using 
oversized  rectangular  and  even  circular 
guide,  for  the  straight  portion  of  the  run 
down  the  tetrapod  leg,  but  the  maximum 
saving  would  only  be  some  7°K.  Cooling  of 
the  waveguide  run  has  been  investigated, 
but  it  is  not  considered  worthwhile. 

Conclusions 

The  special  features  of  the  waveguide  in- 
stallation on  the  aerial  at  Goonhilly  have 
been  outlined  and  performance  data  have 
been  given.  The  installation  and  all  its  com- 
ponents have  functioned  successfully  in  the 
manner  expected.  The  most  significant  fea- 
ture is  the  relatively  large  contribution  which 
the  waveguide  installation  between  the  pri- 
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mary  feed  and  the  maser  makes  to  the  sys- 
tem noise  temperature.  This  is  not  due  to 
any  one  cause  but  arises  partly  from  the 
distance  involved  and  partly  from  the  neces- 
sary complexity  of  the  arrangements.  While 
it  can  be  expected  that  further  work  will 
lead  to  a reduction  in  the  losses  in  this  part 
of  the  system,  it  seems  unlikely  that  any  very 
large  reduction  will  prove  possible  unless  the 


first-stage  amplifier  can  be  placed  nearer  the 
feed. 

Authors.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  office,  London,  England.  The  foregoing 
section  on  the  Waveguide  Feeder  System  was 
authored  by  I.  F.  Macdiamid  and  S.  C. 
Gordon  of  the  G.P.O. 


THE  1700  MC  TRANSMITTER 


Figure  10-42.— The  Eimae  klystron  type  5KM70SF 
used  in  the  transmitter. 

Klystron  Operation 

In  case  the  reader  is  not  familiar  with  the 
klystron  tube,  its  operation  is  dependent 
upon  the  transit  time  of  an  electron  beam, 
and  is  briefly  as  follows:  A plentiful  source 
of  electrons  produced  at  the  tube  cathode 
either  by  conventional  radiation  heating 
from  a filament  or  by  cathodic  bombardment 
from  a high  voltage  source.  These  electrons 


Figure  10-43. — The  Varian  klystron  in  position 
on  its  trolley. 


In  order  to  achieve  flexibility,  unit  cabinet 
construction  is  used  for  the  transmitter,  the 
heart  of  the  equipment  being  a klystron.  The 
transmitter  has,  in  fact,  been  designed  to 
operate  with  either  of  two  types  of  klystron, 
viz,  the  new  Eimae  5KM70SF  (Figure 
10-42)  mentioned  above,  or  the  Varian  VA 
800  (Figure  10-43).  This  latter  tube  has 
been  extensively  used  in  tropospheric  scatter 
links,  being  tunable  from  1700  to  2400  Me, 
and  having  an  output  power  of  10  kw  with 
a bandwidth  of  only  8 Me  to  the  —3  db 
points. 


are  drawn  off  to  form  an  electron  beam  using 
an  anode  in  the  form  of  an  annular  ring  situ- 
ated dose  to  the  cathode.  The  electrons  pass 
through  the  anode  and  are  concentrated  into 
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a narrow  parallel  beam  flow  inside  a tube, 
known  as  the  drift  tube,  using  a powerful 
magnetic  field  generated  by  external  focusing 
magnets.  The  drift  tube  may  be  several 
feet  long  depending  on  the  operating  fre- 
quency of  the  klystron  (about  14  in.  long 
in  the  present  case),  and  terminates  in  a col- 
lector electrode  which  absorbs  those  electrons 
remaining  in  the  beam  which  are  not  drawn 
off  earlier  as  RF  power.  At  intervals  along 
its  length  the  drift  tube  has  gaps  in  it  across 
which  the  electrons  have  to  pass.  Each  gap 
is  surrounded  by  a cavity  which  can  be  made 
to  resonate  at  the  radio  frequency  of  the 
klystron.  The  Eimac  5KM70SF  has  five  such 
cavities. 

The  first  cavity  along  the  tube  from  the 
cathode  has  an  RF  probe  inserted,  to  which 
is  applied  the  RF  drive  from  the  drive  unit 
at  the  required  output  frequency.  The  effect 
of  injecting  RF  power  into  the  resonant 
cavity  is  to  alternately  reverse  the  polarity 
of  the  potential  across  the  gap  in  the  drift 
tube  at  radio  frequency  thus  alternately 
speeding  up  and  slowing  down  the  electron 
flow.  Beyond  the  gap  the  electron  flow  will 
now  consist  of  electrons  traveling  at  different 
speeds,  which  in  turn  will  produce  bunching 
of  electrons  at  a certain  distance  past  the 
gap.  If,  at  this  point,  a further  cavity  is  in- 
serted, a cumulative  effect  can  be  produced. 
As  many  as  six  cavities  have  been  used,  and 
the  result  is  that  a very  large  RF  field  can 
be  produced  in  the  final  cavity,  from  which 
substantial  power  can  be  extracted  using  a 
suitable  probe.  As  stated  earlier,  the  remain- 
ing electrons  are  absorbed  in  the  collector. 
As  considerable  power  is  dissipated  in  this 
collector  it  has  to  be  cooled  either  by  water 
or  forced  air.  For  larger  klystrons,  the  losses 
in  the  drift  tube  wall  are  considerable  and 
the  drift  tube  also  has  to  be  cooled. 

Equipment  Composition 

The  transmitter  itself  consists  of  four  main 
cabinets  (i.e.,  drive  unit,  klystron  unit,  heat 
exchanger  and  power  control  unit) , together 
with  an  extra  high  tension  supply  (e.h.t.) 
enclosure,  as  shown  in  the  overall  photograph 


(Figure  10-44)  and  the  block  diagram  (Fig- 
ure 10-45). 

The  drive  unit  supplies  modulated  RF  power 
of  approximately  0.5  w to  the  output  kly- 
stron. Since  it  incorporates  a number  of 
facilities  peculiar  to  the  satellite  project,  it 
has  been  manufactured  independently  of  the 
main  transmitter,  and  is  being  provided  by 
the  GPO  and  not  by  STC. 

The  power  control  cabinet  contains  the 
auxiliary  supplies,  protection  devices,  fault 
signalling  lamps,  voltage  regulator  and  main 
isolator. 

The  output  klystron  mounts  on  a special, 
easily  removable,  trolley  in  the  klystron  cab- 
inet. The  tube  is  seated  in  its  focusing  unit, 
together  with  the  cavity  tuning  arrange- 
ments, on  top  of  the  trolley;  while  the  fila- 
ment and  getter  transformer,  with  their  as- 
sociated meters,  are  mounted  in  the  lower 
compartment  for  the  safety  of  personnel. 
Meters  for  the  e.h.t.  and  focusing  magnet 
supplies  are  mounted  on  panels  on  either  side 
of  the  cabinet,  Mounted  at  the  cabinet  rear 
are  the  RF  output  waveguide  to  the  aerial, 
cross-coupler,  and  a water-cooled  artificial 
load.  Checking  of  the  RF  power  fed  into 
the  latter  is  accomplished  using  dial  ther- 
mometers and  a flow  meter  on  the  cabinet 
front  panel. 

The  main  e.h.t.  supply  is  generated  in  an 
enclosure  at  the  rear  of  the  power  control 
and  drive  unit  cabinets,  using  an  e.h.t.  trans- 
former-rectifier, smoothing  and  an  air  cool- 
ing system. 

The  heat  exchanger  cabinet  is  shown  in 
Figure  10-46  and  contains  an  air-to-water 
heat  exchanger,  dual  pumps  and  blowers,  and 
control  panels  mounting  flow  meters,  tem- 
perature gauges,  water  flow  control  valves, 
and  motor  starters. 

Transmitter  Operation  and  Facilities 

Power  Con  fro/  Circuits 

The  equipment  operates  from  a 415v  three- 
phase  50/60  cps  supply  which  is  fed  to  the 
main  isolator,  from  which  it  is  distributed 
to  various  subcircuits  via  their  protective 
overload  switches. 
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Figure  10-44.- — The  transmitter  assembly. 


The  main  isolator  is  mechanically  inter- 
locked with  all  doors  so  that  power  cannot 
be  switched  on  until  they  are  closed  and 
locked.  In  addition,  the  isolator  is  interlocked 
by  a key  with  the  door  giving  access  to  the 
aerial  system. 

The  whole  transmitter  and  heat  exchanger 
is  switched  on  and  off  by  push-buttons  on 
the  control  panel  in  the  power  control  cabi- 
net. Individual  control  of  the  heat  exchanger, 


if  required,  is  provided  for  by  means  of  the 
push-buttons  mounted  on  its  central  panel. 
Following  “switch  on”  all  the  circuits  are 
automatically  operated  in  sequence  up  to  the 
application  of  the  e.h.t  and  are  so  inter- 
locked that  the  failure  of  any  one  of  them, 
or  of  the  water  and  air  supplies,  instantly 
removes  the  e.h.t.  A fault  occurring  in  any 
of  the  major  circuits  is  immediately  indicated 
by  the  signalling  lamps  mounted  on  the  cen- 
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1700  Me,  10  kw  SATELLITE  TRANSMITTER 


Figure  10-45. — 1700  Me,  10  kw  satellite  transmitter. 


Figure  10-46.— The  heat  exchanger  cabinet. 


ter  panel  of  the  control  cabinet.  Special  care 
has  been  taken  in  the  design  of  fault  pro- 
tection circuits,  especially  for  the  e.h.t  so 
that,  under  fault  conditions,  power  can  be 
removed  from  the  klystron  in  a fraction  of 
a second  and  there  is  no  discharge  from  the 
smoothing  condenser  into  the  klystron. 

The  extra-high-tension  supply  is  switched 
on  and  off  by  two  pushbuttons  mounted  on 
a panel  above  the  klystron.  They  are  elec- 
trically interlocked  with  the  voltage  control, 
so  that  power  can  only  be  applied  at  near 
zero  voltage.  A smooth  application  of  volt- 
age is  effected  by  a specially  designed  rotary 
stud  switch,  acting  as  a potentiometer,  which 
varies  the  grid  bias  of  a triode  vacuum  tube 
(STC  3J/232E)  in  series  with  the  positive 
supply,  from  cutoff  to  a predetermined  posi- 
tion value,  corresponding  with  minimum 
anode  dissipation.  Three  off-load  taps  on 
the  rectifier  transformer  give  output  volt- 
ages of  0-10-16-20  kv.  Thus  at  a predeter- 
mined positive  grid  voltage,  corresponding 
to  the  maximum  voltage  on  each  range,  the 
anode  loss  of  the  triode  is  kept  to  approxi- 
mately 1-1.5  kw. 

Klystron  Amplifier  Circuits 

Approximately  0.5  w of  RF  output  from 
the  drive  unit  is  applied  to  the  input  probe 
of  the  klystron  which,  as  stated  earlier,  will 
normally  be  the  Eimac  type  5KM70SF,  hav- 
ing five  cavities.  This  tunes  over  the  fre- 
quency range  1710-1800  Me.  It  supplies  20 
kw  maximum  power  when  driven  to  satura- 
tion, or  10  kw  over  a 15.5  Me  band,  measured 
to  the  —0.5  db  points.  The  overall  unsatu- 
rated power  gain  is  approximately  50  db  with 
an  efficiency  of  approximately  30  percent. 
The  e.h.t.  input  to  the  klystron  is  between 
16-18  kv  at  3.5-4  amps. 

Both  the  collector  and  drift  tube  are  water- 
cooled,  and,  in  the  case  of  mains  failure  with 
resultant  failure  of  the  heat  exchanger,  there 
is  enough  water  available  to  absorb  the  resid- 
ual heat  in  the  tube  without  further  cooling. 

The  klystron  beam  is  focused  by  a power- 
ful electromagnet,  requiring  a dc  power  input 
of  approximately  2.0  kw.  The  magnet  also 
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requires  water  cooling.  In  the  case  of  the 
Varian  tube,  tuning  of  the  cavities  is  carried 
out  by  a tuning  unit  located  on  the  top  of  the 
focusing  magnet,  and  RF  power  output  is 
read  directly  on  a meter  mounted  on  this 
unit.  With  the  Eimac  tube,  the  tuning  con- 
trols are  mounted  on  the  side  of  the  klystron 
assembly. 

When  using  the  Varian  klystron,  which 
requires  bombardment  of  its  cathode  to 
maintain  emission,  it  is  necessary  to  control 
the  filament  and  bombardment  power  accu- 
rately, and  a magnetic  amplifier  is  provided 
for  this  purpose. 

The  klystron  RF  output  is  fed  into  a wave- 
guide, and  thence  via  a cross-coupler  to  the 
aerial.  By  suitably  calibrating  the  cross- 
coupler,  the  standing  wave  ratio  in  the  wave- 
guide is  measured.  If  it  exceeds  a certain 
value,  a protection  unit  operates,  switching 
off  the  e.h.t.  supply.  A direct  reading  of  the 
VSWR  can  be  obtained  by  plugging  a meter 
into  a jack  on  a meter  panel  in  the  klystron 
cabinet.  The  cross-coupler  also  feeds  a cali- 
brated meter  on  the  klystron  tuning  unit  giv- 
ing direct  indication  of  RF  output  power. 

Special  precautions  are  also  taken  to  pro- 
tect the  klystron  against  any  arcs  which 
might  occur  in  the  waveguide,  causing  dam- 
age to  the  klystron  output  window,  A photo- 
electric cell  is  used  to  detect  arcing  and  shut 
down  the  e.h.t  supply. 

Heat  Exchanger 

The  purpose  of  the  heat  exchanger  is  to 
stabilize  the  temperature  of  the  water  supply 
cooling  the  klystron  drift  tube,  collector,  and 
focusing  magnet,  to  within  fairly  close  limits 


over  a wide  temperature  range.  It  also  keeps 
the  water  circulating  around  the  artificial 
load  at  the  same  temperature  when  checking 
the  RF  power  output  of  the  transmitter.  It 
is  capable  of  handling  a power  dissipation  of 
up  to  65  kw.  The  coolant  used  is  distilled 
water  in  a closed  circulating  loop.  All  the 
flow  feeds  are  metered:  each  meter  being 
fitted  with  contacts,  so  that  a failure  in  any 
feed  trips  off  the  main  e.h.t.  supply.  Similarly 
the  water  outlet  temperature  of  the  klystron 
is  monitored  by  a temperature  gauge,  which 
operates  a trip  in  the  e.h.t.  supply  should  the 
temperature  reach  dangerous  limits  due  to 
pump  or  blower  failure. 

Flow  control  of  the  outlet  feeds  can  be 
controlled  by  water  valves  located  on  the 
front  panel.  Water  filters  are  used  in  appro- 
priate parts  of  the  cooling  system  to  guard 
against  blocking  up  the  tubes  of  the  klystron. 

Conclusion 

The  aim  In  the  design  of  this  transmitter 
has  been  reliability  which  is  of  the  utmost 
importance  for  work  of  this  kind.  It  is  hoped 
that  its  record  will  equal  that  of  similar 
equipment  operating  in  a quadruple  diversity 
tropospheric  scatter  system,  in  which  case 
the  total  "outage”  time  attributable  to  equip- 
ment failure  during  a year’s  continuous  serv- 
ice was  less  than  twenty  minutes. 

Authors.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  the  1700  Me  Transmitter  was 
authored  by  E.  A.  Rattue  and  D.  L.  COOPER- 
Jones  of  Standard  Telephones  and  Cables 
Limited,  England. 


LOW-TEMPERATURE  THERMAL  NOISE  SOURCE 


Introduction 

A matched  waveguide  termination  was  re- 
quired as  part  of  the  noise  temperature  cali- 
bration facility  in  the  receiving  system  at  the 
Goonhilly  earth  station.  For  routine  meas- 
urement of  overall  system  noise  temperature, 
this  termination  is  at  ambient  temperature. 


For  other  noise  measurements,  and  in  partic- 
ular for  the  measurement  of  the  effective 
input  noise  temperature  of  the  maser,  the 
waveguide  termination  is  cooled  to  77°K  by 
immersion  in  liquid  nitrogen. 

Design  of  the  Termination 

The  termination  consists  of  an  absorptive 
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pyramidal  load  mounted  inside  a length  of 
thick- walled  copper  waveguide,  which  pro- 
vides an  approximation  to  a constant  tem- 
perature enclosure,  even  when  only  partially 
immersed  in  refrigerant.  The  adjacent  sec- 
tion of  waveguide  has  thin  walls,  made  of 
an  alloy  of  low  thermal  conductivity,  in  order 
to  reduce  the  rate  at  which  heat  leaks  into 
the  refrigerant.  A thin  internal  layer  of  sil- 
ver ensures  adequate  electrical  conductivity. 
The  internal  dimensions  of  the  waveguide 
are  those  of  R.C.S.C.  waveguide  No.  11,  (i.e., 
2.372  in.  by  1.122  in.)  Figure  10-47  shows 
two  slightly  different  mechanical  construc- 
tions of  waveguide  structure. 

Before  deciding  on  the  type  of  absorptive 
material  to  be  used,  samples  of  various  mate- 
rials were  tested  by  repeated  cycles  of  im- 
mersion in  liquid  air.  Of  the  two  materials 
which  were  found  suitable,  one  was  a sus- 
pension of  iron  powder  in  a synthetic  resin 


(“poly-iron”),  cast  in  the  laboratory,  in  a 
suitable  mould,  and  the  other  was  a commer- 
cial material,  machined  into  the  appropriate 
shape. 

The  samples  were  alternately  cooled  and 
warmed  for  several  days,  until  it  was  estab- 
lished that  when  the  temperature  changes 
were  not  too  sudden,  serious  cracking  was 
unlikely,  provided  that  water  was  excluded. 
However,  if  the  samples  were  wet,  the  sur- 
face of  the  material  became  crazed  and 
eventually  broke  up.  It  was  therefore  nec- 
essary to  take  suitable  precautions  to  exclude 
condensed  water  vapor  from  the  completed 
termination. 

The  shape  chosen  for  the  poly-iron  load  is 
shown  in  Figure  10-48.  A symmetrical  pyra- 
midal shaped  load,  mounted  centrally  in  the 
waveguide  was  found  to  be  preferable  to  an 
assymetric,  wedge-shaped  load  attached  to 
the  side  of  the  guide.  The  pyramidal  load 


Figure  10-47. — Alternative  types  of  cold  termination  and  a poly-iron  pyramid  load. 
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Figure  10-48. — Poly-iron  pyramid  load. 


appears  to  be  less  likely  to  introduce  small 
changes  in  impedance  due  to  the  absorptive 
material  twisting  or  warping  when  cooled. 
The  mounting  screw  is  sealed  with  solder  to 
prevent  refrigerant  leaking  into  the  wave- 
guide. 

The  residual  VSWR  of  a termination  using 
this  type  of  load  is,  in  general,  better  than 
0.99  across  the  3.8-4.3  Gc  band. 


Installation  at  Goonhilly 

The  general  arrangement  of  the  installa- 
tion at  Goonhilly  Radio  Station  is  shown  in 
Figure  10-49.  The  equipment  is  located  in 
the  receiver  cabin  on  the  back  of  the  para- 
bolic reflector.  The  termination  is  mounted 
beneath  the  upper  floor  which  is  used  for 


Figure  10-49. — Layout  of  cold  load  at  Goonhilly. 


maser  operation.  To  prevent  loss  of  liquid 
nitrogen  when  the  aerial  is  moved  in  eleva- 
tion, the  termination  and  the  metal  dewar 
vessel  surrounding  it  are  mounted  at  45°  to 
the  axis  of  the  aerial.  A binomially-corrected 
45°  waveguide  comer  was  designed  (with 
optimum  performance  at  the  receiver  center 
frequency  of  4.17  Gc)  to  connect  the  termi- 
nation to  the  remainder  of  the  waveguide. 

To  prevent  the  continuous  entry  of  water 
vapor  and  oxygen  which  would  condense  in 
the  cooled  section  of  waveguide,  a window  is 
required.  A simple  uncorrected  window  of 
“Melinex”  (I.C.I.  trademark  for  polyethyl- 
ene teraphthalate  film)  was  found  suitable. 
A thickness  of  0.004"  introduced  less  than 
0.005  db  of  attenuation,  and  no  measurable 
change  in  the  VSWR  of  the  termination.  The 
flanged  joints  between  the  window  and  the 
load  were  sealed  with  neoprene  gaskets.  A 
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spring-loaded  relief  valve  was  provided  to 
prevent  an  excess  pressure  accidentally  aris- 
ing inside  the  waveguide  and  possibly  rup- 
turing the  window  and  damaging  the  maser. 

The  VSWR  of  the  termination  was  meas- 
ured at  the  waveguide  switch,  at  a frequency 
of  4.17  Gc.  The  value,  0.970,  remained  con- 
stant when  the  termination  was  cooled  from 
290°K  to  77°K. 

When  the  termination  is  used  for  the  two- 
temperature  method  of  measuring  the  maser 
noise  temperature,  it  is  necessary  to  correct 
for  the  additional  thermal  noise  generated 
in  the  uncooled  waveguide  between  the  load 
and  the  maser.  This  amounts  to  10°K. 

The  second  termination  for  the  two-tem- 
perature  measurements  is  provided  by  a 
second  pyramidal  load  at  ambient  tempera- 
ture. This  can  be  temporarily  installed  in 
the  main  waveguide  in  place  of  the  usual 

THE  HELIUM  SYSTEM  OF 
Introduction 

A traveling-wave  solid-state  maser  ampli- 
fier is  used  to  provide  the  first  stage  of 
amplification  in  the  receiving  system  at  the 
communication-satellite  earth-station  at 
Goonhilly  Downs.  While  the  maser  itself  was 
built  by  an  industrial  research  laboratory, 
the  auxiliary  supplies  and  equipment  essen- 
tial for  the  operation  of  the  maser  were 
designed  and  built  by  staff  of  the  Post  Office 
Research  Station.  A major  part  of  this  aux- 
iliary equipment  consists  of  apparatus  for 
handling  the  helium  refrigerant. 

General  Description 

The  maser  is  a microwave  amplifier  in 
which  the  amplification  takes  place  in  a single 
crystal  of  “pink”  ruby-crystalline  alumina 
containing  a small  percentage  of  chromium. 
Microwave  power,  at  a frequency  of  about 
30  Gc,  is  injected  into  the  crystal  and  tem- 
porarily disturbs  the  thermal  equilibrium  of 
outer  electrons  in  the  chromium  ions  in  the 
crystal.  Some  of  the  energy  stored  in  this 
way  is  available  to  amplify  a low-level  signal 


flexible  connection  to  the  aerial  feed.  The 
thermal  noise  from  the  two  loads  can  thus  be 
compared  by  rotating  the  waveguide  switch. 

Conclusion 

A waveguide-mounted  thermal  noise  source 
for  operation  either  at  77°K  or  at  ambient 
temperature  has  been  devised  and  installed 
as  part  of  the  receiver  equipment  at  Goon- 
hilly earth  station,  and  used  for  noise 
temperature  calibration  throughout  the  ex- 
periments with  the  Telstar  and  Relay  satel- 
lites. 

Author.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  a Low-Temperature  Thermal  Noise 
Source  was  authored  by  H.  N.  Daglish  of 
the  GPO. 

THE  MASER  INSTALLATION 

at  a frequency  of  4.17  Gc.  The  particular 
frequencies  involved  are  determined  by  an 
applied  steady  magnetic  field.  The  particular 
property  of  the  amplifier  which  makes  it  so 
important  for  use  in  satellite  communication 
is  its  ability  to  amplify  extremely  weak  radio 
signals  while  introducing  a negligible  amount 
of  additional  background  noise.  A disadvan- 
tage is  that  it  will  only  operate  at  very  low 
temperatures.  The  present  equipment  re- 
quires a temperature  lower  than  2°K  (i.e., 
— 271°C)  and  the  only  possible  method  of 
obtaining  such  a low  temperature  is  to  im- 
merse the  amplifier  in  liquid  helium.  This 
normally  boils  at  4.2°K,  but  the  lower  tem- 
perature required  for  the  maser  can  be  pro- 
duced by  causing  the  helium  to  boil  at  a 
reduced  pressure.  A large  vacuum  pump  must 
therefore  be  incorporated  into  the  apparatus. 

If  the  maser  and  all  the  associated  equip- 
ment could  have  been  mounted  in  close  prox- 
imity, the  installation  would  have  been 
relatively  straightforward.  However,  to 
make  use  of  the  unique  low-noise  properties 
of  the  maser,  it  was  essential  that  it  be 
mounted  as  near  as  possible  to  the  focus  of 
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the  85  ft.  parabolic  reflector,  while  the  re- 
mainder of  the  equipment  had  to  be  mounted 
in  the  rotating  cabin  or  at  ground  level. 

It  was  not  practicable  to  mount  the  maser 
actually  at  the  focus  because  of  its  weight 
and  because  there  was  already  a considerable 
amount  of  aerial-feed  equipment  at  the  focus. 
The  maser  was  therefore  housed  in  a cabin 
constructed  on  the  back  of  the  parabolic  re- 
flector, and  connected  by  waveguide  to  the 
feed  equipment  at  the  focus. 

Thus  the  complete  installation  consists  of 
the  helium  control  equipment  associated  with 
the  maser,  a vacuum  line  along  and  down  the 
aerial  structure  to  the  vacuum  pump,  to- 
gether with  the  equipment  for  controlling 
the  flow  of  helium  gas  from  the  vacuum 
pump  and  storing  this  helium  for  return  to 
the  liquefaction  plant.  The  location  of  the 
various  items  is  indicated  in  Figure  10-50. 

During  operation,  the  axis  of  the  aerial 
may  be  tilted  between  horizontal  and  10° 
beyond  vertical,  and  consequently  all  the 
equipment  in  the  maser  cabin,  including  the 
klystron  and  magnet  power  supplies,  a small 
oscilloscope,  a nitrogen-cooled  reference  load 
and  the  maser  itself,  must  operate  satisfac- 
torily when  tilted  by  100°.  To  prevent  refrig- 


MASER 


Figure  10-50. — Position  of  the  maser  and  helium 
equipment  on  the  Goonhilly  aerial. 


erant  from  spilling  from  the  maser  as  the 
aerial  tilts,  it  was  mounted  at  an  angle  of  45° 
to  the  axis  of  the  aerial,  so  that  the  maser 
axis  is  never  more  than  55°  from  vertical. 
However,  access  to  the  aerial  cabin  to  fill  the 
maser  with  refrigerant  is  only  possible  when 
the  aerial  axis  is  horizontal,  so  that  the  maser 
must  be  capable  of  being  tilted  in  its  cradle 
from  the  normal  operating  position  through 
45°  to  the  vertical  position  for  filling.  The 
helium-gas  handling  system  must  also  pro- 
vide for  the  maser  to  be  tilted  inside  the 
cabin,  and,  when  the  aerial  is  in  use,  for  the 
cabin  to  tilt  with  respect  to  the  ground  with- 
out restricting  the  flow  of  helium  gas.  Sec- 
tions of  corrugated  stainless  steel  tube  are 
used  to  provide  this  flexibility. 

Special  quick-release  waveguide  flanges 
were  designed  to  permit  the  maser  to  be 
tilted  through  45°  into  the  filling  position, 
as  shown  in  Figure  10-51. 

Liquid  Helium  and  Liquid  Nitrogen 

Liquefied  gases  are  usually  contained  in 
metal  dewar  vessels,  which  are  spherical 
flasks  with  a double  wall,  the  space  between 
the  walls  being  evacuated  to  provide  thermal 
insulation.  The  latent  heat  of  helium  is  so 


Figure  10-51. — The  top  of  the  maser  tilted  to  show 
the  quick  release  flanges. 
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low  that  this  form  of  thermal  insulation  is 
inadequate.  The  maser  is  therefore  mounted 
inside  a double  vacuum-insulated  dewar,  with 
the  outer  vessel  containing  liquid  nitrogen. 
Equipment  was  provided  for  re-evacuting  the 
insulating  spaces  in  the  maser  dewar  when 
necessary. 

Double  dewars  must  also  be  used  for  trans- 
porting and  storing  liquid  helium.  All  sup- 
plies of  liquid  nitrogen  and  liquid  helium  are 
delivered  by  rail  from  a liquefaction  plant 
in  London  to  Cornwall  two  or  three  times  a 
week. 

The  temperature  of  liquid  helium  is  lower 
than  the  freezing  point  of  both  oxygen  and 
nitrogen,  and  it  is  necessary  to  take  precau- 
tions to  prevent  air  from  freezing  inside  the 
neck  of  the  dewar  vessels.  A non-return  valve 
must  therefore  be  fitted  to  the  dewars,  allow- 
ing helium  gas  to  boil  away  from  the  liquid, 
but  preventing  air  from  entering. 

Cooling  the  Maser 

The  maser  is  mounted  in  its  tipping  cradle 
on  one  wall  of  the  maser  cabin,  as  shown  in 
Figure  10-52.  Above  it  on  the  wall  is  a con- 
trol panel  that  enables  the  flow  of  helium 
gas  to  be  regulated,  and  the  pressure  in  the 
maser  to  be  measured.  A flexible  stainless 
steel  tube  connects  the  maser  to  the  control 
panel.  Electrical  monitoring  equipment  is 
also  mounted  on  this  panel,  indicating  the 
output  of  the  klystron  oscillator  and  the  level 
of  helium  in  the  maser. 

Figure  10-53  shows  dewars  of  liquid  heli- 
um and  liquid  nitrogen  being  lifted  by  a 
hydraulically-operated  platform  to  the  portal 
beam  of  the  aerial,  from  which  they  can  be 
carried  to  the  maser  cabin.  Here,  the  liquid- 
nitrogen  dewar  is  connected  to  an  insulated 
transfer  tube  permanently  installed  in  the 
cabin.  Compressed  nitrogen  from  a cylinder 
is  used  to  force  the  liquid  nitrogen  along 
the  thermally-insulated  tube  into  the  outer 
part  of  the  maser  dewar. 

When  the  outer  vessel  of  the  maser  dewar 
is  full  of  liquid  nitrogen,  the  inner  vessel  is 
filled  with  liquid  helium.  The  helium-storage 
dewar  is  placed  on  a hydraulically-operated 


Figure  10-52.- — The  maser  in  the  operating  position 
showing  the  12  liter  dewar. 


lift-platform  beside  the  maser  dewar,  and  a 
transfer  tube  is  inserted  into  the  two  dewars. 
This  transfer  tube,  which  can  be  seen  in 
Figure  10-54,  has  a vacuum-insulated  double 
wall,  to  prevent  the  boiling  of  helium  inside 
the  transfer  tube  due  to  heat  entering  through 
the  walls.  A bladder  attached  to  the  helium- 
storage  dewar  is  used  to  start  the  helium 
transfer.  A gentle  squeezing  action  agitates 
the  liquid  in  this  dewar,  causing  increased 
evaporation.  The  gas  pressure  so  produced 
forces  the  liquid  helium  through  the  transfer 
tube.  As  the  level  of  the  helium  rises  in  the 
maser  dewar,  the  storage  dewar  and  transfer 
tube  are  raised  to  keep  the  outlet  of  the  trans- 
fer tube  above  the  liquid  surface  in  the 
maser  dewar. 

Great  care  must  be  exercised  during  the 
transfer  to  prevent  air  or  water  entering  the 
dewars.  When  the  dewar  containing  the  maser 
is  full,  the  transfer  tube  is  rapidly  removed 


728 


RELAY  I— PART  III 


Figure  10-53. — Dewars  of  liquid  helium  and  liquid  nitrogen  being  lifted  to  the  maser  cabin. 


and  the  entry  port  sealed.  During  the  helium 
transfer,  a considerable  amount  of  liquid  is 
evaporated  in  cooling  the  structure  to  4.2°K. 
The  helium  gas  so  evolved  passes  along  the 
flexible  tube  to  the  control  panel,  and  thence 
into  the  helium  collection  system. 

Immediately  the  maser  dewar  has  been 
filled  and  the  filling  port  sealed,  the  pressure 
must  be  reduced  to  a few  torr  (mm  mercury) 
in  order  to  lower  the  helium  temperature 
from  4.2°K.  The  rate  of  change  in  the  pres- 
sure must  be  controlled  carefully  in  order 
to  prevent  damage  to  the  maser.  A special 
adjustable  throttle  valve  was  designed  to 
control  the  rate  of  change  of  pressure  during 
the  initial  stage  of  pump-down. 

The  version  of  the  maser  installed  initially 
was  built  into  a relatively  small  commercial 


helium  dewar.  More  recently,  a new  dewar 
has  been  installed  to  give  an  extended  maser 
operating  life.  This  dewar,  shown  in  Figure 
10-52,  holds  approximately  12  liters  of  liquid 
helium. 

The  operating  procedures  devised  for  the 
small  dewar  have  proved  quite  adequate  for 
the  new  installation.  The  principal  change 
has  been  an  increase  in  the  time  needed  to 
fill  the  dewar  because  of  the  greater  volume 
of  liquid,  and  the  increased  mass,  of  metal 
to  be  cooled.  Operationally,  the  increased 
helium  capacity  has  enabled  several  succes- 
sive Telstar  and  Relay  passes  to  be  used 
without  refilling  the  maser.  It  has  also  been 
possible  to  carry  out  the  maser  filling  some 
hours  in  advance  of  a satellite  experiment, 
when  this  has  been  desirable. 
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Figure  10-54. — Helium  transfer  into  the  maser. 


The  Main  Vacuum  Line 

As  already  mentioned,  the  nearest  position 
to  the  maser  which  could  be  used  for  the 
vacuum  pump  was  in  the  turntable  cabin. 
The  main  vacuum  line  between  the  maser 
cabin  and  the  pump  therefore  had  to  be  about 
80  ft  in  length.  Two-inch  diameter  copper 
pipe  was  used,  with  joints  and  bends  assem- 
bled from  commercial  fittings,  silver  soldered 
into  position.  The  pipeline  was  constructed 
in  sections  on  the  ground  and  these  sections 
were  joined  by  vacuum  flanges  sealed  with 
rubber  rings  and  bolted  together  by  stainless 
steel  bolts. 

A great  deal  of  care  was  taken  in  assem- 
bling the  system,  to  eliminate  possible  sources 
of  contamination  or  leakage.  Apart  from  di- 
rectly reducing  the  purity  of  the  recovered 
helium,  any  volatile  contamination  in  the 
pipeline  would  increase  the  background  pres- 
sure in  the  system,  making  subsequent  detec- 
tion of  possible  leaks  much  more  difficult. 


The  success  of  the  whole  installation  depends 
upon  the  quality  of  the  silver-soldered  joints 
and  upon  the  cleanliness  of  the  system, 
therefore  elaborate  cleaning  and  leak-testing 
procedures  were  devised  and  followed  during 
the  installation. 

The  2-in.  pipe  is  supported  by  a series  of 
brackets  fixed  to  the  waveguide  ladder  which 
runs  alongside  the  vertical  center  member 
of  the  concrete  aerial  structure.  The  weight 
of  the  pipe  is  taken  on  a special  flange  located 
near  the  base  of  the  ladder  and  a flexible 
stainless  steel  section  near  the  top  permits 
small  residual  movements. 

The  Vacuum  Pump 

In  order  to  handle  large  quantities  of  heli- 
um, a vacuum  pump  of  large  capacity  is 
needed.  The  rate  at  which  helium  gas  would 
be  evolved  could  not  be  known  in  advance, 
as  it  depends  upon  the  constructional  details 
of  the  maser  structure.  A large  margin  of 
safety  was  therefore  desirable  when  specify- 
ing the  required  pump  performance.  A pump 
with  a capacity  of  36  ft3/min.  was  fitted ; this 
was  the  largest  available  air-cooled  vacuum 
pump,  air  cooling  being  very  desirable  to 
avoid  the  necessity  for  an  additional  water- 
circulation  system  on  the  aerial. 

A remotely  controlled  valve  is  used  to  pro- 
vide a low  impedance  path  round  the  pump 
while  the  maser  is  being  filled. 

The  Helium  Recovery  Apparatus 

The  output  from  the  vacuum  pump  cannot 
be  exhausted  to  the  atmosphere  in  the  usual 
way,  but  must  be  piped  away  for  recovery. 
Accordingly,  a 1 in.  diameter  copper  pipe  is 
connected  to  the  output  of  the  pump  to  carry 
the  helium  over  the  transmitting  equipment 
to  the  rotating  joint  at  the  center  of  the  turn- 
table cabin.  To  carry  the  helium  through  this 
rotating  joint  four  17  ft  lengths  of  nylon- 
reinforced  P.V.C.  tube  are  used,  hanging  as 
U-loops,  connected  in  parallel.  As  the  aerial 
rotates,  the  loops  wind  round  a central  pylon, 
permitting  a movement  of  db  250°  from  the 
central  position.  From  the  bottom  of  the 
central  pylon  the  copper  pipe  goes  through 
underground  ducts  to  the  helium  room,  which 
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is  part  of  the  building  housing  the  aerial  con- 
trol gear. 

The  total  length  of  the  1-in.  pipe  is  about 
120  ft  and  the  same  care  over  cleanliness 
was  observed  in  its  fabrication  as  for  the 
2-in.  vacuum  section. 

The  helium  room,  shown  in  Figure  10-55, 
contains  a large  control  panel  to  handle  the 
helium  gas  which  is  now  at  atmospheric 
pressure.  This  panel  is  fitted  with  over  20 
vacuum-type  valves  to  interconnect  the  pipe 
which  brings  the  helium  gas  from  the  vac- 
uum pump,  the  temporary  gas  store,  and  the 
compressor.  A flowmeter  is  included,  to  moni- 
tor the  rate  of  evolution  of  helium  gas  from 
the  maser. 

The  helium  store  consists  of  rubberized 
canvas  balloons  suspended  beneath  the  ceil- 
ing, each  balloon  holding  up  to  17  ft  of 
helium.  The  initial  installation  of  six  balloons 


FIGURE  10-55. — The  helium  collection  room. 


has  been  increased  to  16,  to  give  adequate 
storage  for  extended  periods  of  maser  oper- 
ation. 

For  return  to  the  liquefaction  plant,  the 
contents  of  the  balloons  must  be  compressed 
into  steel  cylinders.  A modified  commercial 
air  compressor  is  used  to  compress  the 
helium  to  1000  lb/in2.  Additional  facilities 
are  required  to  collect  gas  released,  from  the 
pump  and  the  starting  bypass  valve,  which 
are  normally  open  to  the  atmosphere  in  an 
ordinary  air  compressor.  Helium,  which  is 
a monatomic  gas,  becomes  hotter  than  dia- 
tomic oxygen  or  nitrogen  during  compres- 
sion. To  avoid  damaging  the  compressor  by 
overheating,  it  must  not  be  used  for  more 
than  10-15  minutes  at  any  one  time  when 
compressing  helium.  The  full  cylinders  are 
returned  by  rail  to  the  liquefaction  plant  in 
London,  for  the  cycle  to  begin  again. 

Also  visible  in  Figure  10-55  is  the  con- 
tinuous chart  recorded,  connected  to  the 
resistance  thermometers  in  the  maser  dewar. 
A continuous  indication  of  helium  level  is 
thus  always  available. 

Conclusion 

The  helium  system  at  Goonhilly  was  com- 
missioned on  25  June  1962,  having  been  com- 
pletely designed  and  constructed  in  four 
months.  The  general  features  of  the  system 
have  proved  satisfactory  in  operation,  re- 
quiring little  modification  to  the  original  con- 
ception, although  a number  of  changes  have 
been  introduced  to  simplify  the  filling  of 
the  maser  with  liquid  helium. 

The  great  care  taken  in  construction  and 
operation  of  the  helium  system  has  been 
justified  by  the  high  level  of  purity  attained 
for  the  returned  gas. 

Authors.  This  chapter  from  the  United, 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  the  Helium  System  of  the  Maser 
Installation  was  authored  by  H.  N.  Daglish, 
M.  R.  Child,  and  A Levitt  of  the  GPO. 
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DEMODULATING  TECHNIQUES 


Introduction 

As  part  of  the  program  of  experimental 
and  development  work  to  determine  the  op- 
timum demodulating  techniques  for  commu- 
nication satellite  systems,  three  types  of  de- 
modulators have  been  investigated  at  the 
Goonhilly  earth  station;  these  are: 

1.  A conventional  demodulator  of  the  type 
used  in  960-channel  telephony  or  television 
microwave  radio-relay  links. 

2.  A frequency  modulation  feed-back  de- 
modulator in  which  the  deviation  of  the  sig- 
nal is  reduced  before  it  reaches  the  final  dis- 
criminator. 

3.  A variable-bandwidth  “dynamic-track- 
ing” demodulator  in  which  the  resonant  fre- 
quency of  a narrow  bandwidth  tuned  circuit 
is  moved  rapidly  to  follow  the  nominal  in- 
stantaneous frequency  of  the  incoming  sig- 
nal. 

The  conventional  demodulator  will  not  be 
discussed  in  detail  here;  however,  informa- 
tion is  given  on  two  specialized  demodulators. 

Up  to  a point,  the  baseband  signal-to-noise 
ratio  at  the  output  of  a broadband  frequency- 
modulated  microwave  system  can  be  im- 
proved by  increasing  the  deviation.  To  ac- 
commodate the  wider  deviation  signal,  in- 
creased receiver  bandwidth  is  required.  If 
the  noise  temperature  and  gain  of  the  re- 
ceiver remain  constant,  the  increased  band- 
width will  result  in  more  noise  reaching  the 
limiter  stage  which  precedes  the  discrim- 
inator. Thus,  for  the  same  received  signal 
level  the  effective  signal-to-noise  ratio  will 
be  decreased. 

So  long  as  the  instantaneous  peaks  of  noise 
at  the  limiter  input  always  remain  a decibel 
or  two  below  the  carrier  level,  normal  opera- 
tion of  the  demodulator  is  maintained,  i.e., 
changes  of  x db  up  or  down  in  the  carrier 
level  will  result  in  corresponding  changes  of 
approximately  x db  in  the  ratio  of  signal-to- 
basic  noise  measured  at  the  baseband  output. 
But  when  the  peaks  of  noise  are  approxi- 
mately equal  to  the  carrier,  a threshold  con- 
dition is  reached  where  any  further  decrease 


in  carrier-to-noise  ratio  results  in  a much 
more  than  directly  corresponding  decrease 
in  baseband  signal-to-noise  ratio. 

For  signals  above  the  threshold  level,  good 
conventional  demodulators  of  the  types  used 
in  line-of-sight  microwave  links  perform 
quite  satisfactorily  and  nothing  is  to  be 
gained  by  using  more  complex  demodulating 
equipment.  This  will  probably  be  the  state 
of  affairs  under  normal  conditions  in  opera- 
tional satellite  systems.  But  when  abnor- 
mally low-level  signals  have  to  be  received, 
or  when  the  noise  level  is  unusually  high, 
e.g.,  due  to  heavy  rainfall,  it  is  highly  desir- 
able that  the  demodulator  should  have  the 
lowest  possible  threshold  level.  That  is  to 
say  the  demodulator  should  continue  to  op- 
erate down  to  the  lowest  practicable  signal 
level  before  the  output  signal-to-noise  ratio 
crashes  catastrophically;  under  these  condi- 
tions very  complex  demodulating  equipment 
is  justified,  even  if  it  lowers  the  operational 
threshold  by  only  a few  decibels. 

A number  of  techniques  are  known  or  have 
been  proposed  for  obtaining  a lower  thresh- 
old, but  the  basic  principle  of  all  involves 
either  enhancement  of  the  carrier  or  restric- 
tion of  the  effective  bandwidth  before  de- 
modulation. Baseband  signal  processing 
after  demodulation  (e.g.,  low-pass  filtering) 
can  effect  the  overall  signal-to-noise  ratio 
obtainable  with  any  form  of  demodulator, 
but  will  normally  have  only  a second-order 
effect  on  reliative  performance  of  various 
demodulators  and  a virtually  neglible  effect 
on  attainable  threshold  levels. 

Frequency  Modulation  Feedback  Demodulator 

Design  Features 

The  frequency  modulation  feedback  de- 
modulator follows  the  general  principles  laid 
down  by  Enloe*  and  is  shown  in  block  sche- 
matic form  in  Figure  10-56.  It  accepts  an 
input  signal  at  a mean  frequency  of  70  Me, 
up-converts  to  a mean  frequency  of  3590  Me 

*L.  H.  Enloe:  “Decreasing  the  Threshold  in  F.M. 
by  Frequency  Feedback”,  Proc.  I.R.E.,  January  1962. 
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Figure  10-56. — FMFB  demodulator,  block  diagram. 


and  then  down-converts  again  to  75  Me.  The 
local  oscillator  for  up-conversion  is  crystal 
controlled ; but  the  oscillator  used  for  down- 
conversion  is  a klystron  which  is  frequency 
modulated  in  such  a manner  that  the  devia- 
tion of  the  final  IF  signal  is  reduced.  The 
modulating  signal  for  the  klystron  is  ob- 
tained from  the  output  of  the  final  75  Me 
demodulator. 

The  version  of  this  demodulator  which  is 
installed  at  Goonhilly  normally  operates  at 
one  or  other  of  two  fixed  bandwidths  ; how- 
ever, experiments  have  been  carried  out 
using  continuously  variable  bandwidth  fa- 
cilities, so  that  the  operating  conditions  can 
be  more  accurately  adjusted  to  optimum  for 
the  signal  level  or  modulation  being  received. 

Performance 

For  television  signals  the  threshold  of  the 
FM  feedback  demodulator  is  some  4 to  5 db 
below  that  for  a conventional  demodulator 
when  operated  at  adequate  bandwidth  to 
allow  satisfactory  reception  of  both  the  video 
signal  and  the  sound  subcarrier. 

The  performance  for  240-channel  te- 
lephony signals  is  indicated  by  the  curves  in 
Figure  10-57.  It  will  be  noticed  that  the  FM 
feedback  demodulator  provides  appreciable 
improvement  over  a conventional  demodu- 
lator (No.  6B)  at  values  of  IF  signal-to- 
noise  ratio  below  10  db ; however,  a further 
improvement  in  this  region  would  be  required 


to  meet  accepted  international  standards  of 
performance. 

Figure  10-58  shows  the  baseband  fre- 
quency response  under  open  and  closed-loop 
conditions. 

Dynamic-Tracking  Variable-Bandwidth 
Demodulator 

Principles  Involved 

Automatic  control  of  the  IF  bandwidth 
prior  to  limiting  is  already  quite  well  known 
as  a method  of  improving  threshold  perform- 
ance of  a receiver  demodulator  in  fairly  low 
deviation  FM  systems.  In  essence  such  an  ar- 
rangement maintains  normal  receiver  band- 
width until  the  input  signal  drops  to  a level 
close  to  threshold,  but  for  still  lower  levels 
of  signal  the  effective  bandwidth  of  the  re- 
ceiver is  progressively  reduced.  This  reduced 
bandwidth  lowers  the  total  noise  and  hence 
the  threshold,  at  the  cost  of  rapidly  rising 
distortion.  The  occasional  rises  in  inter- 
modulation noise  which  result  from  restricted 
bandwidth  are  generally  to  be  preferred  to 
the  relatively  severe  bursts  of  noise  which 
occur  when  a fading  signal  drops  below 
threshold— -especially  in  lightly-loaded  teleph- 
ony systems. 

An  automatic  bandwidth  control  arrange- 
ment of  this  type  is  particularly  useful  for 
rapidly  fading  signals  and  was  used  very 
successfully  in  Post  Office  tests  on  a tropo- 
spheric-scatter link  during  1959-1960;  but 
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Figure  10-57. — FMFB  demodulator,  comparison 
with  conventional  demodulator  (No.  6B). 


Figure  10-58.- — FMFB  demodulator,  baseband 
frequency  response. 


it  is  not  suitable  for  use  in  wide-deviation 
television  systems. 

It  has  been  pointed  out  by  Baghdady*  that 
in  many  wide-deviation  FM  systems,  only 
limited  parts  of  the  total  signal  bandwidth 
are  carrying  essential  information  at  any 
specific  moment,  and  that  it  should  be  pos- 
sible to  improve  the  threshold  by  a narrow- 
band  IF  filter  provided  that  the  filter  could 
be  tuned  rapidly  enough  to  follow  the  chang- 
ing location  of  the  main  energy  in  the  signal 
spectrum.  Baghdady  describes  such  a system 
in  outline  and  calls  the  device  a dynamic 
selector. 


Design  Features 

A simplified  block  diagram  of  the  demodu- 
lator is  shown  in  Figure  10-59.  A single 
tuned  circuit  is  used  as  the  variable  filter, 
and  a varactor  diode  forms  the  tuning  ele- 
ment. Variation  of  the  bandwidth  is  accom- 
plished by  alternating  dc  current  through  a 
thermistor  bead. 

The  relationship  between  frequency  and 
voltage  which  the  varactor  diode  provides  is 
non-linear,  but  this  is  compensated  by  shap- 
ing networks  in  the  video  amplifier. 

A number  of  different  ways  of  varying 
bandwidth  were  tried;  but  the  majority  of 

*E.  J,  Baghdady:  “Lectures  on  Communication 
System  Theory,”  1961,  Chapter  19. 
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Figure  10-59. — Goonhiliy  radio  station:  dynamic  tracking  demodulator. 


these  resulted  in  tuning  changes,  and  a 
thermistor  was  found  to  be  the  most  satis- 
factory device. 

The  3 db  bandwidth  of  the  tuned  circuit 
is  adjustable  from  about  2 to  20  Me,  but  the 
narrowest  bandwith  is  rarely  useable  in  prac- 
tice. A useful  feature  of  the  arrangement  is 
that,  under  wideband  (i.e.,  high  signal  level) 
conditions,  the  overall  performance  becomes 
virtually  that  of  the  associated  high-grade 
conventional  demodulator.  The  automatic 
bandwidth  control  is  adjusted  to  maintain 
full  bandwidth  until  the  signal  falls  to  within 
a decibel  or  two  of  threshold,  and  then  de- 
creases bandwidth  at  a rate  of  approximately 
2 to  1 for  a 3 db  drop  in  signal. 

Performance 

For  television  reception  under  the  usual 
conditions  used  for  tests  on  Telstar  and 
Relay,  this  modulator  gives  an  average 
threshold  improvement  of  about  4 or  5 db. 
The  improvement  is  greatest  on  fairly  uni- 
form areas  of  grey,  or  on  areas  of  slowly 
changing  brightness ; but  is  limited  by  noise 
in  regions  where  there  is  a sudden  change  in 
brightness,  due  to  inability  of  the  narrow- 
band  circuit  to  follow  fast  enough.  This  fea- 
ture can  result  in  some  roughness  of  vertical 
edges  under  conditions  of  very  low  signal-to- 
noise  ratio,  which  can  be  considerably  re- 
duced by  fly-wheel  synchronization,  or  syn- 
chronizing-pulse restoration. 

The  dynamic-tracking  demodulator  gives 
optimum  results  only  if  the  incoming  tele- 
vision signal  includes  a dc  component,  i.e., 
when  specific  frequencies  correspond  to  the 
synchronizing  pulse,  black  and  white  levels  in 
the  video  waveform.  It  is  less  effective  if 


the  earth-station  transmitter  originating  the 
signals  uses  no  pre-emphasis  and  mean-fre- 
quency automatic  frequency  control.  Fur- 
thermore, if  the  bandwidth  restriction  is 
excessive,  cross  modulation  from  the  video 
channel  into  the  sound-subcarrier  channel 
may  occur. 

The  variable-bandwidth  dynamic  tracking 
demodulator  is  considered  unsuitable  for 
multi-channel  telephony,  and  it  is  probable 
that  a simple  variable-bandwidth  system 
(i.e.,  without  the  tracking  feature)  may  be 
preferred. 

Possibilities  for  Further  Improvement 
of  Demodulator  Performance 

Noise  Limiting  Techniques 

At  the  output  of  a wideband  demodulator 
operating  at  or  just  below  threshold,  the 
noise  peaks  are  very  narrow.  It  is  suggested 
that  a peak-clipping  device  might  be  used  at 
that  point  to  restrict  the  video  signal  to  limits 
appropriate  to  the  white  and  synchronizing 
pulse  levels,  and  if  the  bandwidth  is  subse- 
quently restricted,  (e.  g.,  to  3 Me)  the  ampli- 
tude of  the  noise  peaks  will  be  still  further 
reduced.  The  clipping  must  take  place  before 
the  video  bandwidth  is  restricted. 

It  is  possible  that  still  further  suppression 
of  these  short  duration  noise  peaks  could  be 
obtained  by  arranging  for  automatic  varia- 
tion of  the  clipping  levels,  especially  if  the 
main  signal  can  be  very  slightly  delayed  and 
advance  information  on  its  levels  obtained 
from  an  earlier  part  of  the  circuit. 

Alternatives  Sound  Channel  Arrangement 

The  use  of  a sound  subcarrier  at  4.5  Me 
necessitates,  for  television  a minimum  IF 
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bandwidth  of  slightly  over  9 Me.  If  this  sub- 
carrier is  eliminated  an  IF  bandwidth  of  just 
over  6 Me  would  give  a full  bandwidth  video 
response.  In  difficult  reception  conditions 
some  restriction  of  video  bandwidth  is  per- 
missible and  the  effective  IF  bandwidth 
could  then  be  further  reduced.  For  example, 
a 2.5  Me  IF  bandwidth  would  represent  an 
improvement  of  about  10  db  in  threshold 
relative  to  a conventional  demodulator  of  25 
Me  bandwidth. 

Conclusions 

When  the  carrier /noise  ratio  is  appreciably 
greater  than  that  corresponding  to  threshold 
conditions,  a conventional  demodulator  is  to 
be  preferred.  At  carrier/noise  ratios  (meas- 
ured in  25  Me  bandwidth)  less  than  10  db, 


there  is  some  benefit  from  the  specialized 
demodulators,  and  at  carrier/noise  ratios  less 
than  6 db  there  is  a marked  benefit. 

It  is  possible  that  further  development 
work  on  noise  limiting  techniques  in  demodu- 
lators might  result  in  yet  better  perf  ormance, 
and  there  is  no  doubt  that  elimination  of  the 
sound  subcarrier,  e.  g.,  by  transmission  of 
the  sound  on  pulses  within  the  synchronizing 
interval  of  the  television  signal,  would 
greatly  increase  the  threshold  margin  for 
television  under  difficult  conditions. 

Authors.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  Demodulating  Techniques  was 
authored  by  R,  W.  White  and  R.  J.  West- 
cott  of  the  GPO. 


THE  TRAVELING  WAVE  MASER  AMPLIFIER 


Introduction 

The  design  and  performance  of  the  4170 
Me  Traveling  Wave  Maser  at  present  installed 
at  the  G.P.O.  Radio  Station,  Goonhilly  Downs, 
is  described.  Means  of  increasing  the  band- 
width of  the  device  are  discussed. 

System  Requirement^  and  Maser  Specification 

The  signal  entering  the  first  stage  of  the 
Goonhilly  receiver  is  very  small,  about  10~12 
watts,  and  the  bandwidth  of  the  system  is 
some  tens  of  megacycles.  If  the  received 
signal  is  to  be  amplified  and  detected  with 
an  acceptable  signal  to  noise  ratio  then  it  is 
essential  that  the  noise  contribution  made 
by  the  first  stage  amplifier  should  be  as  small 
as  possible.  It  was  therefore  decided  that  the 
first  stage  amplifier  should  be  a solid  state 
traveling  wave  maser  having  sufficient  net 
gain  to  make  the  noise  contribution  of  the 
second  stage  amplifier  insignificant.  The 
specification  for  this  traveling  wave  maser 


is  as  follows: 

Signal  frequency  ....... .4170  Me 

Gain  (minimum)  ........  20  db 

Bandwidth  to  3 db  points.  .25  Me 
Noise  temperature  .......  15°K 


Input  VSWR  ........  0.666  over  the 

operating  band 

Operating  life  per  filling 
of  liquid  helium 8 hr. 

Design  of  the  Maser 

The  overriding  consideration  in  the  design 
of  this  maser  was  the  need  to  produce  an 
engineered  and  operating  device  within  some 
six  or  seven  months  of  the  initiation  of  the 
project.  Sophistication  in  the  design  there- 
fore was  subordinate  to  expediency  and  as 
far  as  possible  use  was  made  of  immediately 
available  materials  and  techniques. 

Active  Materials 

Because  of  its  ready  availability  in  large 
single  crystals  and  also  because  of  its  proven 
characteristics,  synthetic  ruby  was  selected 
as  the  active  material.  Previous  experience 
indicated  that  the  best  orientation  for  maser 
operation  at  frequencies  below  7 kMc  is  that 
in  which  the  applied  magnetic  field  is  at  right 
angles  to  the  c-axis  of  the  ruby.  In  this 
orientation  the  ground  state  of  the  Cr8+  ion 
is  split  by  the  combined  action  of  the  crystal 
fields  and  the  applied  magnetic  field  accord- 
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ing  to  the  energy  level  diagram  in  Figure 
10-60. 

It  has  been  found  experimentally  that 
when  the  separation  of  levels  1 and  2 corre- 
sponds to  a frequency  of  4170  Me  the  greatest 
inversion  of  the  populations  of  these  levels 
can  be  obtained  if  the  pump  is  applied  be- 
tween levels  1 and  4,  i.e.,  at  a frequency  of 
30,150  Me.  In  ruby  having  a Cr  to  A1  ratio 
of  0.05  atoms  percent  we  find  that  1-4  pump- 
ing produces  an  inversion  ratio  of  2.7  at 
1.4°K. 

Operation  at  1.4°K  involves  reduction  of 
the  liquid  helium  bath  pressure  to  about  2.5 
mm  Hg.  In  practice  this  is  accomplished 
within  less  than  half  an  hour  of  filling  and 
in  an  experimental  system  such  as  this 
where  operation  over  more  than  three  suc- 
cessive satellite  passes  is  rarely  required, 
this  is  no  disadvantage. 

Assuming  that  the  excitation  at  the  signal 
frequency  is  by  an  RF  magnetic  field  circu- 


Figure  10-60  — Energy  level  diagram 
(Ruby,  e = 90°). 


larly  polarized  in  the  plane  perpendicular  to 
the  applied  field  (a  condition  which  is  closely 
approximated  in  practice)  and  using  the 
tables  of  transition  probabilities  prepared  by 
Chang  and  Siegman*  we  calculate  that  1-4 
pumping  in  0.05%  ruby  at  1.4°K  will  pro- 
duce a value  of  Qm  of  —15/??.**  Qm  is  the 
magnetic  quality  factor  of  the  structure  and 
is  essentially  a measure  of  the  ratio  of  the 
energy  stored  in  the  structure  to  the  power 
absorbed  by  the  maser  material,  ??  is  the 
filling  factor  of  the  maser  and  is  the  ratio 
of  the  mean  square  RF  magnetic  field  over 
the  volume  of  the  maser  crystal  to  that  over 
the  volume  of  the  propagating  structure. 
Although  filling  factors  up  to  0.5  are  theo- 
retically possible  in  a traveling  wave  maser, 
experience  suggests  that  0.2  is  a practical 
figure.  Taking  ??  = 0.2  we  have  Qm  = —75 
as  a basis  for  design. 

Non-Recip  rocity 

A traveling  wave  maser  exhibits  some  non- 
reciprocity  by  virtue  of  the  fact  that  circu- 
larly polarized  fields  of  opposite  sense  interact 
to  different  extents  with  the  active  ions.*** 
However,  additional  non-reciprocal  backward 
loss  must  be  provided  if  a completely  stable 
device  is  to  be  obtained.  Polycrystalline 
yttrium  iron  garnet  is  a suitable  material 
for  this  purpose  as  its  absorption  line  width 
is  reasonably  narrow  (c.  150  oersteds)  even 
at  liquid  helium  temperature.  Because  of  its 
high  susceptibility  only  a small  volume  of  this 
material  needs  to  be  incorporated  in  the 
maser.  The  dimensions  of  the  yttrium  iron 
garnet  (Y.I.G.)  are  adjusted  in  order  that 
resonant  interaction  at  the  signal  frequency 
can  be  obtained  with  the  same  applied  field 
as  is  required  to  give  the  correct  ruby  energy 
level  splitting.  In  the  present  case  the  field 
is  3280  oersteds  and  an  appropriate  shape 
for  the  Y.I.G.  is  a flat  disk  of  aspect  ratio 
0.1  with  the  plane  of  the  disk  perpendicular 
to  the  applied  field. 

*W.  S.  C.  Chang,  and  A.  E.  Siegman,  Stanford 
Technical  Report  156-2,  1958. 

**J.  C.  Walling,  “Low  Noise  Electronics”  (ed.  K. 
Endressen)  p.  225,  Pergamon  Press,  1962. 

***J.  Osborne,  Phys.  Rev.,  67,  351,  1945. 
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Obviously  it  is  necessary  that  the  Y.I.G, 
disk  should  be  incorporated  in  the  traveling 
wave  maser  in  such  a way  that  they  are  acted 
upon  by  a substantially  circularly  polarized 
RF  field  of  opposite  sense  to  that  acting  upon 
the  ruby.  This  is  accomplished  by  making  use 
of  a comb  slow  wave  structure  as  described 
in  the  following  section. 

Slow  Wave  Structure 

The  small  signal  gain  of  a traveling  wave 
maser  can  readily  be  expressed  in  terms  of 
two  quality  factors,  Qm>  the  magnetic  Q dis- 
cussed above,  and  Q0,  the  intrinsic  Q of  the 
propagating  structure  determined  by  ohmic 
and  dielectric  losses  and  also  the  forward 
loss  of  the  Y.I.G.  If  r is  the  slowing  factor 
(the  ratio  of  the  group  velocity  in  the  propa- 
gating structure  at  the  signal  frequency  to 
the  free  space  velocity  of  light)  and  N is  the 
number  of  free  space  wavelengths  in  the 
structure,  the  net  gain  of  the  device,  ex- 
pressed in  decibels  is : 

G = 27.3  rN  — - — 

Qm  Qo 

A structure  having  a slowing  factor  of  100 
and  an  active  length  of  1.6  free  space  wave- 
lengths (which  is  a convenient  figure  at  a 
frequency  of  4170  Me)  will  therefore  give  an 
electronic  gain  of  58  db  if  Qm  = —75. 

A suitable  slow  wave  structure  for  the 
traveling  wave  maser  then  is  one  having  this 
slowing  factor  and  containing  regions  in 
which  the  RF  magnetic  field  is  circularly 
polarized,  the  structure  must  also  allow  prop- 
agation of  the  pump  frequency,  not  neces- 
sarily in  a slow  mode. 

All  these  requirements  can  be  met  by  struc- 
tures consisting  essentially  of  an  array  of 
parallel  conductors  in  which  the  RF  magnetic 
field  is  substantially  circularly  polarized,  the 
senses  of  polarization  on  the  two  sides  of  the 
array  being  opposite. 


Figure  10-61. — 4170  Me  comb  structure. 


A comb  structure*  is  used  in  the  present 
maser  and  has  dimensions  as  indicated  in 
Figure  10-61,  the  positioning  of  the  ruby, 
dielectric  and  Y.I.G.  disk  in  the  structure  is 
apparent  from  this  figure.** 

The  dispersion  characteristic  for  this 
structure  when  containing  liquid  helium  is 
similar  to  that  shown  in  Figure  10-62,  and 
the  slowing  factor  at  the  signal  frequency  is 
110.  The  comb  is  milled  from  a block  of  high 
conductivity  copper.  This  form  of  construc- 
tion tends  to  minimize  conductor  losses.  (The 

*R.  W.  DeGrasse,  E.  0.  Schulz  du  Bois,  and  H.  E. 
D.  Scovil,  Bell  Syst.  Tech.  J.,  38,  305,  1959. 

**P.  N.  Butcher,  Proc.  I.  E.  E.,  107B,  341,  1960. 
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slowing  factor  of  110  quoted  above  was  in- 
ferred from  the  observed  pass  band  of  the 
structure,  subsequent  measurements  of  the 
o)-/3  characteristic  of  a similar  comb  suggest 
that  this  is  over-estimated  by  about  10  per- 
cent.) 

Input  Leads 

The  input  and  output  leads  to  the  maser 
are  air  dielectric  coaxials  of  low  thermal 
conductivity  (silver  plated  copper  nickel)  . 
The  leads  have  an  outside  diameter  of  15 
mm  and  a characteristic  impedance  of  72 
ohms.  It  is  important  that  these  leads  have 
a low  electrical  loss  as  they  make  the  main 
contribution  to  the  maser  noise  tempera- 
ture. At  the  cryostat  head  these  leads  ter- 
minate in  vacuum  sealed  waveguide  to  co- 
axial transitions.  At  their  lower  end  the 
leads  have  tapered  transitions  to  5 mm  OD 


coaxials  having  P.T.F.E.  dielectric.  These 
latter  coaxials  are  matched  to  the  comb  by 
means  of  the  arrangement  shown  in  Figure 
10-63.  Some  adjustment  of  the  separation 
between  the  matching  conductor  and  the  first 
finger  of  the  comb  is  necessary  if  the  opti- 
mum match  is  to  be  secured  over  the  pass 
band  of  the  structure. 

The  pump  power  at  30,150  Me  is  supplied 
by  way  of  thin  walled  (0.2  mm)  copper 
nickel  waveguide  with  the  internal  dimen- 
sions of  WG22.  Approximately  40  mw  is 
required  to  saturate  the  pump  transition, 
this  output  power  is  obtained  from  selected 
R9518  klystrons. 

In  this  connection  we  may  note  that  oper- 
ation at  1.4°K  calls  for  substantially  less 
pump  power  than  does  operation  at  4.2°K 
and  thus,  although  with  a given  pump  source, 
pump  frequency  stabilization  may  be  neces- 
sary for  4.2°K  operation,  it  is  not  necessary 
for  1.46K  operation.  No  pump  frequency 
stabilization  is  provided  in  the  present 
maser. 

Maser  Packaging 

The  final  form  of  the  maser  package  de- 
pends on  the  form  of  magnet  used.  Super- 
conducting magnets  by  virtue  of  their  light 
weight  and  very  high  stability  are  attrac- 
tive for  use  with  masers  operating  at  liquid 
helium  temperatures  and  at  the  outset  of  the 
development  of  the  Goonhilly  maser  it  was 
hoped  to  make  use  of  superconducting  mag- 
nets. It  soon  became  apparent,  however,  that 
the  construction  of  a superconducting  mag- 


ADJUSTABLE 

PLUNGER 


Figure  10-63. — Matching  unit  (schematic)  . 
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net  giving  the  requisite  field  homogeneity  was 
a matter  of  some  difficulty  and  in  view  of  the 
short  time  available  for  development,  a per- 
manent magnet  version  of  the  maser  package 
was  constructed  as  a parallel  development. 
The  permanent  magnet  version  of  the  maser 
is  illustrated  in  Figure  10-64  in  which  the 
trimming  coils  used  to  adjust  the  field  of  the 
permanent  magnet  are  clearly  visible. 


Figure  10-64. — Maser  package  with  permanent 
magnet. 


Following  the  work  of  Cioffi*  on  the  use  of 
superconducting  screens  in  magnetic  circuits, 
a superconducting  magnet  has  been  devel- 
oped in  which  satisfactory  operation  of  this 
maser  in  the  laboratory  has  been  obtained. 
Superconducting  magnet  masers  have  not 
been  employed  in  the  Goonhilly  system. 


Maser  Performance 

Laboratory  Operation 

In  the  permanent  magnet  shimmed  to  pro- 
vide a field  of  3280  oersted  uniform  to  better 
than  0.1  percent  over  the  volume  of  the  ruby, 
the  maser  gives  in  the  laboratory  the  per- 
formance summarized  below: 


Field 

...3,280  oersteds 

Pump  frequency 

..30,150  Me 

Operating  temperature 

_ 1.4°K 

Electronic  gain 

..50  db 

Bandwidth  to  3 db  points. 

..16  Me 

Noise  temperature  

..15  ± 4°K 

Isolator  backward  loss 

.60  db 

Isolator  forward  loss 

..3  db 

Structure  loss  

..8  db 

Net  forward  gain 

..39  db 

Input  VSWR  

..1.4 

Operation  life/filling 

of  He 

..8  hr. 

Saturation  effects  become  apparent  at  an 
input  power  of  —65  dbm.  The  effect  of  pos- 
sible breakthrough  from  the  Goonhilly  6390 
Me  transmitter  on  the  maser  performance 
was  investigated  in  the  laboratory  and  with 
the  maximum  power  available  (100  mw) 
at  this  frequency  incident  on  the  maser  the 
performance  at  4170  Me  was  unaffected,  and 
subsequent  site  experience  confirmed  this. 

The  recovery  time  of  the  maser  after  satu- 
ration at  4170  Me  is  150  milliseconds. 

Bandwidth 

The  specification  bandwidth  of  25  Me  is 
slightly  greater  than  can  be  achieved  in  a 
T.W.M.  in  a uniform  magnetic  field  and 
giving  a net  gain  in  excess  of  20  db  (Figure 
10-65).  This  was  realized  at  the  outset  of 
the  project  and  the  maser  was  therefore 
designed  to  give  a higher  gain  than  the  speci- 
fied 20  db  in  a uniform  field  in  order  that 
ultimately  the  bandwidth  could  be  increased, 
for  instance,  by  field  staggering.  (Another 
reason  why  the  maser  was  designed  for  high 
gain  was  that  the  operating  temperatures 
which  would  be  obtained  at  Goonhilly  were 
uncertain  in  view  of  the  considerable  length 

*P.  P.  Cioffi,  J.  A.  Phys.,  S3,  875,  1962. 
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Figure  10-65. — Bandwidth  vs.  electronic  gain  (£?*)  for  TWM  in  uniform  field. 

of  pipe  between  the  maser  and  the  helium 
pump — in  the  event  1,4°K  was  readily 
achieved.) 

The  bandwidth  of  a T.W.M.  can  be  in- 
creased in  practice  by  staggering  either  the 
crystal  orientation  or  the  magnetic  field 
along  the  length  of  the  maser.  Orientation 
staggering  is  undesirable  as  it  results  in  an 
unfavorable  exchange  of  gain  for  bandwidth. 

The  bandwidth  resulting  from  various 
forms  of  field  staggering  has  been  calculated 
on  the  assumption  of  a Lorentzian  line  shape 
and  is  plotted  against  peak  electronic  gain 
in  Figure  10-66.  Clearly  a substantial  in- 
crease in  bandwidth  can  be  obtained  by 
the  simple  expedient  of  introducing  a step 
in  the  magnetic  field  by  suitably  shimming 
the  magnet. 

In  Figure  10-67  the  observed  gain  of  the 
maser  is  plotted  against  frequency  for 
the  case  in  which  a step  is  introduced  in  the 
magnetic  field  by  means  of  0.006"  steel  shims 


on  the  magnetic  pole  faces  (magnet  pole  gap 
— 2.25") . 

Site  Operation 

The  uniform  field  permanent  magnet  ver- 
sion of  the  maser  was  installed  in  the  Goon- 


Figure  10-66.— Bandwidth  curves  for  maser  with 
electronic  gain  of  50  db  in  uniform  magnetic  field, 
temperature  1.4°  K. 
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EFFECTIVE  ELECTRONIC  GAIN  (db) 

(1)  Magnetic  Field  variation  - single  step 

(2)  Magnetic  field  variation  - sinusoidal 

(3)  Magnetic  field  variation  - linear 

(4)  Gain  equalisation 

(5)  Operating  temperature  variation 

Figure  10-67. — Net  gain — frequency  characteristic 
of  broad  band  maser. 

hilly  aerial  in  June  1962  (Figure  10-68)  in 
a cabin  at  the  back  of  the  dish  and  gave  a 
similar  performance  to  that  measured  in  the 
laboratory.  It  was  not  possible  to  obtain 
consistently  an  operating  life  of  eight  hours 
per  filling  of  liquid  helium  when  operating 
at  1.4°K,  this  being  presumably  due  to  the 
continuous  movement  of  the  aerial  during 
satellite  tracking.  Changes  in  elevation  of 
up  to  100°  are  possible  and  for  this  reason 
the  maser  is  mounted  at  45°  to  the  vertical 
when  the  dish  is  pointing  to  the  horizon 
(Figure  10-65). 

Following  the  initial  Telstar  experiments 
which  were  carried  out  using  the  maser  in  a 
uniform  magnetic  field,  the  bandwidth  of  the 
device  was  increased  by  shimming  the  mag- 
net as  previously  described.  A further  im- 
provement made  has  been  the  replacement 


Figure  10-68. — Maser  installed  at  Goonhilly. 


of  the  small  helium  dewar  vessels  illustrated 
in  Figure  10-64  by  substantially  larger  ves- 
sels as  shown  in  Figure  10-69.  The  use  of 
the  larger  vessel  has  increased  the  continuous 
operating  time  per  filling  of  liquid  helium 
from  less  than  eight  hours  to  about  2 days. 
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Figure  10-69.-— Maser  with  large  dewar 
at  Goonhilly. 


DIGITAL  TECHNIQUES  USED 
Summary 

A description  of  the  logic  design  for  the 
digital  control  equipment  is  followed  by 
further  descriptions  of  items  of  particular 
interest.  The  means  of  applying  offsets  to 
the  demanded  aerial  position  for  overcoming 
possible  inaccuracy  of  the  predicted  orbit; 
and  to  demand  accurately  determined  veloci- 
ties manually;  means  of  conversion  from 
pure  binary  form  to  provide  displays  in 
terms  of  angles,  and  the  derivation  of  analog 
voltages  for  the  servo-amplifiers  are  dis- 
cussed in  detail. 

A critical  analysis  of  the  equipment  in  the 
light  of  operational  experience  concludes  this 
chapter. 

introduction 

The  prime  function  of  the  digital  control 
apparatus  was  to  position  the  steerable  aerial 


Authors.  This  chapter  from  the  United 
Kingdom  was  contributed  by  the  General 
Post  Office,  London,  England.  The  foregoing 
section  on  The  Traveling  Wave  Maser  Am- 
plifier was  authored  by  J.  C.  Walling  and 
F.  W.  Smith,  Jr.,  of  the  Mullard  Research 
Laboratories,  England. 


IN  THE  AERIAL  STEERING 

in  both  azimuth  and  elevation  axis  in  re- 
sponse to  information  on  a punched  tape. 

Due  to  the  need  for  efficient  use  of  the 
tape,  a system  of  linear  interpolation  over 
200  millisecond  intervals  was  used. 

The  digital  equipment  performed  the  inter- 
polation process  and  calculated  the  angular 
position  error  signal  fifty  times  per  second. 

Actual  positions  were  determined  by  an 
optical  Gray  Code  shaft  encoder,  suitably 
decoded,  and  applied  to  the  error  arithmetic 
unit. 

Displays  were  provided  showing  aerial 
position,  the  angle  demanded  by  the  tape, 
control  dock  time,  the  angular  corrections 
which  might  prove  necessary  to  cancel  out 
inaccuracies  of  the  predicted  trajectory.  The 
other  requirements  of  the  digital  apparatus 
were  to  provide  accurate  velocity  signals,  set 
manually,  and  to  produce  punched  paper  tape 
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records  of  aerial  performance.  Further  sig- 
nals, concerned  with  the  G.P.O.  communica- 
tion equipment  were  recorded  on  the  same 
tape  via  a digital  logger. 

System  Design 

Design  Parameters 

The  following  parameters  were  given: 

1.  A sample  rate  of  fifty  times  per  second. 

2.  Accuracy  of  digital  equipment  from 
tape  reader  to  error  better  than  two  min- 
utes of  arc. 

3.  A ten-volt  range  in  analog  correspond- 
ing to  ±42  minutes  of  arc  error. 

4.  A standard  frequency  source  of  2 kilo- 
cycles per  second. 

5.  Tape  information. 

Items  1,  2,  and  3 were  determined  by  the 
servo  design.  Item  4 was  a G.P.O.  standard. 
Item  5 will  now  be  discussed  in  greater 
detail. 

Control  Tape  Information 

The  tape  information  is  given  in  cycles, 
of  a second  duration.  The  demanded  azimuth 
and  elevation  angles  are  stated  in  full  form 
once  per  second. 

Increments  to  be  used  for  linear  interpo- 
lation are  stated  in  the  following  form : each 
increment  corresponds  to  one  tenth  of  the 
change  in  position  over  200  milliseconds. 
There  are  five  such  increments  for  each  axis. 
Each  increment  is  used  ten  times,  making  in 
all  fifty  calculations  per  second  of  demanded 
angle,  for  each  axis. 

As  the  information  is  renewed  once  per 
second,  any  errors  occurring  in  the  arith- 
metic cannot  endure  longer  than  part  of  a 
second.  A code  identifying  the  tape  is  stated 
once  per  second. 

Information  corresponding  to  the  aerial 
gain  appropriate  to  the  range  of  the  satellite 
is  given  once  per  second. 

Standard  resistor-transistor  printed  cir- 
cuit logic  elements  are  used  throughout. 

Waveform  Generation 

It  is  convenient  to  use  the  standard  2 kilo- 
cycle signal  to  define  the  digit  periods  di- 
rectly. 


Waveforms  are  derived  by  division  of  the 
2 kilocycle  waveform  and  subsequent  group- 
ing using  AND  gates,  see  Figure  10-70. 


Figure  10-70.— Control  diagram. 


Each  digit  period  is  divided  into  four  non- 
contagious  phases.  The  phase  waveforms 
are  used  as  strobes  to  avoid  spurious  spikes 
caused  by  the  AND  operation  on  adjacent 
edges — this  is  established  technique. 

Operational  Mocfe 

In  order  to  obtain  the  greatest  reliability, 
pure  binary  serial  arithmetic  is  used  for  the 
interpolation  and  error  calculation. 

The  use  of  serial  arithmetic  requires  serial 
to  parallel  conversion  for  error  and  tape 
punching.  This  is  accomplished  by  the  use  of 
shift-registers.  The  only  parallel  conversion 
occurs  in  the  Gray  to  Binary  Conversion  of 
the  actual  position  transducers.  Simple 
serial  decoding  would  result  in  the  most  sig- 
nificant digit  being  produced  first  in  time 
which  is  inconvenient  for  the  subsequent 
arithmetic  operations. 

Peripheral  Equipment 

Logic  design  for  tape  reading  and  tape 
punching  is  well  established,  and  will  not  be 
treated  here  in  detail.  The  decoding  tech- 
niques for  the  mechanical  encoders  used  for 
correction  and  velocity  increments  is  des- 
cribed later  in  detail. 

Accuracy 

The  accuracy  of  two  minutes  of  arc  of  the 
digital  system  is  made  up  of  several  parts. 

1.  The  accuracy  of  the  shaft  encoder 

2.  Rounding  errors  in  the  arithmetic 

3.  Drift  in  the  digital  to  analog  converter 
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The  order  of  1 and  2 are  approximately 
the  quantum  step  chosen  and  3 can  be  im- 
proved by  technique.  The  choice  of  a 16  bit 
system — i.e.,  216  quanta  equivalent  to  360° 
of  arc  gives  a quantum  size  of  19.77  seconds 
of  arc.  This  value  enables  the  design  figure 
of  2 minutes  to  be  improved  upon  under  nor- 
mal circumstances  and  leaves  error  in  hand, 
so  to  speak,  for  the  rest  of  the  control  design. 

For  accurate  interpolation  it  was  necessary 
to  specify  the  incremental  information  on  the 
control  tape  to  2-20  X 360°,  the  difference 
in  accuracy  of  the  resultant  demanded  angle 
and  the  16  bit  accuracy  of  actual  position  is 
referred  to  above  as  rounding  error. 

System  Diagram 

The  final  realization  of  the  requirements 
is  shown  in  Figure  10-71.  The  functions  of 
each  black  box  will  be  briefly  described  and 
the  more  interesting  aspects  will  be  treated 
in  detail. 

Tape  Reading 

The  control  tape  advances  one  cycle  per 
second  in  response  to  a control  signal.  This 


control  signal  occurs  only  when  the  following 
conditions  apply  : 

1.  When  there  is  coincidence  between  the 
control  clock  and  the  time  last  read  from  the 
control  tape. 

2.  When  switching  from  manual  to  auto- 
matic operation  so  that  the  store  can  be 
“primed”  with  sensible  information. 

3.  After  the  absence  of  one  time  coinci- 
dence to  prevent  the  reader  stopping  in  the 
event  of  a single  mis-read  or  mis-punch. 
(This  is  extremely  rare,  of  course.) 

Tape  Store 

The  data  from  the  tape-reader  occurs  in 
sets  of  four  parallel  digits,  the  other  track 
of  the  five  track  tape  being  used  for  syn- 
chronization. 

Each  set  of  digits  is  routed,  using  gating 
logic  derived  from  counting  rows,  into  an 
appropriate  store. 

Correction  Logic 

A mechanical  encoder  with  a control  knob 
on  its  input  shaft  at  the  control  desk  is  used 
to  derive  parallel  signals  to  be  used  for  cor- 


Figuee  10-71 . — System  diagram. 
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rection  when  on  AUTOMATIC  control.  The 
same  parallel  signals  are  used  as  increments 
of  position  for  MANUAL  control.  The  me- 
chanical shaft  encoder  outputs  are  in  coded 
form  to  minimize  ambiguity  of  readout.  A 
decode  unit  converts  to  parallel  signals  rep- 
resenting signal  and  magnitude. 

Auto/ Manual  Unit 

This  unit  selects  inputs  to  the  arithmetic 
unit  appropriate  to  the  control  mode. 

On  automatic  mode  the  following  opera- 
tions are  performed: 

1.  From  the  store  are  transferred  de- 
manded angle  at  1 second  intervals  and 
increments  at  appropriate  times  to  the  arith- 
metic units. 

2.  From  the  correction  logic  the  parallel 
signals  are  transferred  fifty  times  per  sec- 
ond in  serial  form  to  the  correction  arith- 
metic. 

On  manual  mode  the  sequence  is : 

1.  On  first  switching  use  actual  angle  as 
initial  demanded  angle. 

2.  Use  the  correction  signal  as  an  incre- 
ment to  be  added  fifty  times  per  second- — 
this  will  give  rise  to  a uniform  velocity;  in 
order  to  maintain  smooth  minimum  velocity 
the  significance  of  the  parallel  digits  is  re- 
duced by  a factor  of  2-7. 

Interpolation  and  Correction  Arithmetic 

The  interpolation  arithmetic  performs  the 
function  of  adding  each  tape  demanded  in- 
crement ten  times  to  the  accumulated  angle. 
The  value  of  the  increment  is  renewed  five 
times  per  second  as  previously  explained.  On 
manual  control  the  increment  remains  at  a 
constant  value  until  the  encoder  shaft  at  the 
desk  is  turned.  To  avoid  ambiguity  due  to 
sampling  the  parallel  output  while  rotating 
the  shaft,  a 50  microsecond  sampling  interval 
is  used. 

While  the  correction  signals  are  used  for 
manual  velocity  setting,  their  use  as  correc- 
tions as  used  on  “auto”  are  inhibited. 

Error  Arithmetic 

The  difference  between  the  actual  and  cor- 
rected accumulated  angles  is  calculated  in 


the  error  arithmetic.  Negative  errors  are 
prefixed  by  a bar  digit. 

Limiting 

As  the  range  of  errors  is  small  compared 
with  a full  revolution,  the  digital  input  to 
the  D.A.C.  is  limited.  In  the  event  of  a large 
error  the  appropriate  end  limit  of  the  D.A.C. 
is  demanded.  This  enables  the  D.A.C.  to  have 
a sensible  dynamic  range. 

Digital  to  Analog  Conversion— -D.  A.  C. 

The  limited  parallel  digit  signal  is  trans- 
ferred 50  times  per  second  into  the  D.A.C. 
and  a signal  of  ± 5 volts  about  a +5.0  volts 
level  is  produced.  This  is  appropriate  to  an 
error  range  of  ± 42  minutes  approximately 
(±  128  quanta). 

Shaft  Encoders 

Avro  sixteen-bit  gray-code  shaft  coders 
are  connected  to  each  axis.  The  encoders 
have. their  own  amplifiers  which  apply  sig- 
nals to  the  coaxial  lines  from  the  aerial  site 
to  the  steering  apparatus  room.  As  the  azi- 
muth motion  exceeds  360°,  a signal  indicat- 
ing positive  rotation  beyond  due  south  is 
derived  from  a trip  switch.  This  signal  is 
combined  logically  with  the  180°  encoder 
track  signal  to  produce  the  digit  of  signifi- 
cance 360°  x 2 when  a full  rotation  has 
taken  place.  This  digit  is  referred  to  as  the 
17th  bit. 

Gray  to  Binary  Decoder 

This  converts  the  sixteen  parallel  digits 
from  the  encoder  to  pure  binary  form  and 
adds  on  the  17th  bit  where  appropriate. 

On  elevation  of  course  the  180°  track 
would  not  normally  be  used  as  the  maximum 
rotation  is  only  100°  of  arc,  but  for  reasons 
of  compatibility  the  full  information  is  used. 
The  azimuth  and  elevation  channels  are  made 
as  identical  as  possible  to  make  testing  and 
fault  finding  straight  forward. 

Displays 

The  displays  shown  on  the  diagram  are 
situated  on  the  control  desk  with  the  excep- 
tion of  Slant-Range  db  display  which  is  on 
the  Beam-Swingers  console.  The  derivation 
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of  all  desk  displays  is  considered  in  detail 
later.  The  slant  range  display  is  derived 
from  an  accurate  dc  voltage  produced  by  a 
digital  to  analog  converter. 

Control  Tape  Reading  Scheme 

The  control  techniques  for  operating  the 
Elliott  high  speed  tape  reader  have  been 
described  elsewhere.  A buffer  tape  reader 
was  used  in  order  to  maintain  a loop  at  the 
input  to  the  high  speed  reader.  This  prevents 
snatching  of  the  tape  by  the  high  speed 
reader  which  would  give  rise  to  reading 
errors. 

Record  Tape  Punching 

The  information  to  be  punched  once  per 
second  is  as  follows: 

1.  Time  in  hours,  minutes  and  seconds 

2.  Demanded  angles  at  start  of  second 

3.  Error  in  full  form  at  start  of  second 

4.  Tape  identity  code 

5.  Applied  correction 

6.  Data  derived  from  the  data  logger 

(1)  and  (2)  endure  for  a second  and  need 
not  be  stored  again.  (2)  and  (3)  and  (5) 
occur  for  less  than  one-fiftieth  of  a second 
and  are  stored.  The  data  logger  information 
is  held  in  a store  until  punching  has  oc- 
curred. 

The  punch  drive  scheme  was  the  one  rec- 
ommended by  the  manufacturer. 

The  record  punch  was  used  on  manual 
operation  also.  This  enabled  check  of  the 
equipment  to  be  made  conveniently. 

Logic  Techniques 

Much  of  the  logic  design  uses  well-estab- 
lished technique.  While  no  novelty  is  claimed 
for  the  items  which  are  now  described,  it  was 
considered  that  they  are  sufficiently  interest- 
ing to  be  described  in  further  detail. 

Design  of  Interpolation  and  Error  Arithmetic 

With  reference  to  Figure  10-72,  it  will  be 
seen  that  the  demanded  angle  accumulator 
is  a 24  bit  shift  register.  The  most  significant 
digit  is  the  one  referred  to  as  the  17th  bit, 
the  next  16  in  significance  are  the  digits 
appropriate  to  the  16  working  bits,  and  the 


ACTUAL  ANGLE 


INCREMENT  ARITHMETIC  CORRECTION  ARITHMETIC  ERROR  ARITHMETIC 


Figure  10-72. — Arithmetic  scheme. 


remaining  digits  are  necessary  to  prevent 
coarseness  of  demanded  angle  after  the  addi- 
tion of  several  increments. 

The  ten  bit  shift  register  recirculates  to 
preserve  the  increment  value  for  succeeding 
additions.  The  result  of  adding  or  sub- 
tracting increments  to  the  demanded  angle 
via  the  add-subtract  unit  is  recirculated  into 
the  24  bit  accumulator.  The  serial  accumu- 
lated angle  has  added  to  it  the  correction 
which  has  been  converted  to  serial  form  in 
the  shift  register  shown.  The  resultant  angle 
is  the  complete  demanded  angle. 

The  actual  angle  serialized  after  the  Gray 
to  Binary  conversion  is  subtracted  from  the 
demanded  angle  in  a subtractor  and  the  re- 
sult stored  in  a 17  bit  shift  register  and  used 
in  parallel  for  the  digital  to  analog  conver- 
sion. 

Logic  (not  shown  in  the  diagram)  inspects 
the  magnitude  of  the  17  bit  number  stored  in 
the  shift  register.  If  it  is  less  than  + 128 
quanta,  digital-to-analog  conversion  takes 
place  and  produces  an  error  analog  for  nor- 
mal control  of  the  aerial.  If  the  value  exceeds 
-j-  128  quanta  but  is  l^ss  than  ±256  quanta, 
limiting  occurs  in  the  D.A.C.  as  previously 
described.  If  the  value  exceeds  ± 256 
quanta,  protective  logic  causes  the  aerial  to 
ignore  this  gross  error  condition  and  to  coast 
for  one  or  two  seconds  after  which  emerg- 
ency stopping  action  is  initiated  if  the  gross 
error  still  persists. 

Technfques  for  Generating  a Parallel  Ten-Bit  Bi-Polar  Number 

As  it  is  impossible  to  accurately  predict 
the  trajectory  of  a satellite  during  the  initial 
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orbits,  it  was  necessary  to  enable  corrections 
to  be  made  to  the  predicted  angles  on  the 
control  tape. 

Any  errors  in  the  predicted  time  of  arrival 
can  be  corrected  in  advance,  the  actual 
launch  time  then  being  known,  by  advancing 
or  retarding  the  control  clock  by  means  of 
switches  on  the  control  desk  as  shown  in  the 
control  logic  diagram  (Figure  10-70). 

The  correction  signal  is  generated  digi- 
tally in  terms  of  sign  and  magnitude  for  the 
following  reasons: 

1.  For  convenience  of  calculation  in  the 
arithmetic 

2.  For  convenience  of  display  generation 

The  two  shaft  encoders  for  each  motion 

consisted  of  an  8 bit  Gray  fine-encoder  and 
a binary  encoder  which  had  lagging  and  lead- 
ing contacts  to  overcome  ambiguity  of  read- 
out due  to  the  gear-box  between  the  encoders. 
The  fine  encoders  were  driven  by  hand  con- 
trol knobs,  one  for  each  motion,  on  the  con- 
trol desk.  (See  Figure  10-73.) 

The  encoders  were  capable  of  generating 
a 12-bit  parallel  number.  The  10  least  sig- 
nificant tracks  were  used  for  the  10-digit 
number  and  the  most  significant  track  for 
sign.  The  other  track  was  not  used,  but  was 
an  alternative  sign  track  should  it  be  needed. 

In  this  form,  of  course,  negative  numbers 
will  not  be  correctly  represented,  but  by 
inverting  the  ten  least  significant  digits  when 
the  first  track  indicates  a negative  sign  (0 


SHAFT  ENCODERS 


SIGN  10  BIT  BINARY 


Figure  10-73. — Binary  code  converter. 


for  negative,  1 for  positive,  say)  it  is  pos- 
sible to  approximate  to  negative  numbers, 
the  inaccuracy  being  one  quantum.  How- 
ever, there  is  an  advantage  in  retaining  the 
inaccuracy  of  negative  magnitudes  in  this 
form  as  the  representation  of  zero  is  now  two 
quanta  wide,  This  is  convenient  as  it  allows 
zero  correction  to  be  set  more  readily.  This 
is  also  important  on  manual  control  where 
the  10-bit  number  is  used,  with  the  signifi- 
cance of  the  digits  reduced,  to  produce  a 
velocity  signal  by  accumulation  of  equal  in- 
crements. It  enables  zero  velocity  to  be 
obtained  and  held  with  greater  reliability. 

As  the  display  of  correction  was  to  the 
nearest  minute  it  was  necessary  to  provide 
an  additional  indication  of  true  zero.  This 
was  achieved  by  surrounding  the  display 
zero  with  a green-field. 

Means  of  Obtaining  Displays 

Elevation  and  Azimuth  Applied  Correc- 
tion Display : The  display  logic  converts  two 
10-digit  dinary  numbers  into  degrees  and 
minutes.  Angles  up  to  a maximum  of  5 
degrees  are  converted  and  displayed  at  in- 
tervals of  0.5  second. 

A simplified  diagram  of  the  system  is 
shown  in  Figure  10-74. 

System  Outline - — A negative  pulse  sets  the 
binary  counter  B and  the  degree  and  minute 
counter  D to  zero  and  at  the  same  time  a 
positive  pulse  puts  the  input  binary  number 
into  stores,  SI. 

A start  pulse  sets  the  binary  output  F to 
“1”  allowing  4 kc  pulses  to  pass  through  the 
gate  G into  the  binary  counter  B and  through 
M into  the  degree  and  minute  counter  D. 

When  a binary  number  counted  in  B and 
the  input  binary  number  stored  in  SI  are 
identical,  the  output  from  the  coincidence 
logic  C becomes  “0”  resetting  the  binary  out- 
put F to  “0”.  This  inhibits  the  input  gate  G 
preventing  any  further  count. 

A positive  pulse  transfers  the  completed 
count  in  the  degree  and  minute  counter  D 
to  the  stores  S2  leaving  the  system  free  to 
make  the  next  conversion.  During  the  next 
conversion,  the  angle  stored  in  4,  2,  2,  1 code 
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10  DIGIT  FROM  ENCODER 


MINUTE 

START 


Figure  10-74. — Display  logic  for  azimuth  and 
elevation  correction. 


in  S2  is  decoded  by  amplifiers  A and  dis- 
played as  illuminated  figures. 

The  binary  to  minute  conversion  is  ob- 
tained by  running  counter  D slightly  less 
than  three  times  slower  than  counter  B.  The 
minute  converter  M gives  an  output  minute 
pulse  for  every  three  input  pulses  except  for 
the  10th  minute  pulse  and  every  subsequent 
29th  minute  pulse  which  require  four  input 
pulses  each. 

In  the  special  case  of  zero  binary  input 
the  coincidence  logic  output  would  be  “0”  as 
soon  as  B had  been  set  to  zero.  This  would 
not  prevent  F from  going  to  “1”  and  a max- 
imum count  being  obtained.  To  avoid  this 
the  “0”  on  the  coincidence  logic  is  used  to 
present  this  starting  pulse  from  passing 
through  gate  K.  The  edges  of  the  square 
waves  applied  to  the  coincidence  logic  C from 
the  binary  counter  B have  finite  rise  and  fall 
times.  Because  of  this  there  is  the  possibility 
that  spurious  coincidences  could  occur  at  the 
edges  of  these  waveforms.  These  momentary 
coincidences  would  result  in  negative  spikes 
from  the  coincidence  logic  C. 


The  spikes  are  prevented  from  passing 
through  the  gate  R by  strobe  pulses  which 
are  obtained  by  delaying  the  4 kc  pulses  at 
L.  The  delay  time  is  such  that  strobe  pulses 
are  at  “0”  whenever  a spike  is  present. 

When  the  display  reads  0°  0'  the  correction 
signal  may  be  one  or  two  binary  digits  caus- 
ing a slow  drift  on  manual  control.  The  out- 
puts of  the  three  zero  amplifiers  and  the  zero 
outputs  of  the  stores  for  the  two  least  sig- 
nificant input  digits  are  connected  to  a 3 
gate . When  all  the  inputs  to  the  gate  are  “1”, 
the  output  is  a “0”  ; this  inhibits  the  sign 
amplifiers  and  gives  a “1”  on  the  input  to  an 
amplifier  whose  output  is  connected  to  the 
display.  This  gives  a green  field  in  place  of 
the  + or  — sign  on  the  display  indicating 
that  the  manual  correction  is  at  true  zero. 

Elevation  Readout — The  elevation  logic 
converts  a 15-digit  binary  number  into  de- 
grees and  minutes  up  to  a maximum  of  100 
degrees.  The  conversion  is  repeated  at  one 
second  intervals. 

The  conversion  is  done  in  two  stages  : 

1.  The  four  most  significant  binary  digits 
are  counted ; each  unit  representing  an  angle 
of  11  degrees  15  minutes 

2.  The  remaining  11  binary  digits  are 
converted  using  the  method  described  under 
Applied  Correction  Readout.  A simplified 
diagram  of  the  system  is  shown  in  Figure 
10-75. 

System  Outline— A positive  pulse  puts  the 
binary  input  number  into  stores  SI,  S2  and 
at  the  same  time  a negative  pulse  sets  the 
counters  Bl,  B2,  M and  D to  zero. 

A positive  pulse  starts  the  degree  counter 
which  for  each  single  pulse  into  B2,  counts 
11  pulses  into  D via  “or”  gate  B,  and  15 
pulses  into  M via  “or”  gate  A. 

When  60-minute  pulses  have  been  counted 
in  M the  degree  pulse  carried  over  to  D is 
delayed  at  LI  to  prevent  it  reaching  the  “or” 
gate  B at  the  same  time  as  one  of  the  degree 
pulses  from  the  degree  counter. 

When  the  binary  number  counted  in  B2 
is  identical  to  the  number  stored  in  S2  the 
output  from  the  coincidence  logic  C2  be- 
comes a “0”  stopping  the  degree  counter. 
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Figure  10-75. — Display  logic  for  demanded  and 
actual  elevation. 


Sufficient  time  is  allowed  for  a full  count 
of  15  in  B2  if  necessary.  A negative  pulse 
starts  the  minute  converter  which  counts 
out  the  remaining  11  binary  digits.  The 
minute  pulses  pass  the  “or”  gate  A into 
minute  counter  M. 

After  sufficient  time  has  been  allowed  to 
complete  the  conversion  a positive  pulse 
stores  the  count  in  S3  and  S4. 

The  angles  stored  in  4,  2,  2,  1 code  in  S3 
and  S4  are  decoded  by  amplifiers  A and  dis- 
played by  digilites. 

The  degree  output  from  S4  is  taken  in 
4,  2,  2,  1 code  to  a digital  analog  converter 
which  drives  a meter  display. 

When  M is  set  to'  zero  a delayed  pulse  is 
set  up  in  L.  This  set  is  prevented  from  pass- 
ing into  D by  inhibiting  the  gate  G with  the 
set  pulse.  The  set  pulse  is  of  longer  duration 
than  the  delayed  pulse. 

When  coincidence  occurs  this  prevents  any 
further  count.  The  degree  and  minute  coun- 
ters M and  D will  then  contain  a multiple  of 


the  angle  11  degrees  15  minutes.  The  minute 
converter  is  described  under  Applied  Cor- 
rection Readout. 

Azimuth  Readout  Tape  Demanded  and 
Actuals- The  azimuth  readout  converts  a 17- 
digit  binary  number  into  degrees  and  min- 
utes. The  angle  is  displayed  in  the  range 
± 250  degrees  at  one-second  intervals. 

The  conversion  is  done  in  three  stages : 

1.  The  binary  number  01011000111000111 
(250  degrees)  is  subtracted  from  the  input 
binary  number. 

2.  The  five  most  significant  binary  digits 
are  counted,  each  unit  representing  11  de- 
grees 15  minutes,  as  described  under  Eleva- 
tion Readout. 

3.  The  remaining  11  binary  digits  are  con- 
verted using  the  method  described  under 
applied  Correction  Readout. 

The  last  two  stages  in  the  conversion  are 
identical  to  the  elevation  readout  for  the 
added  digit,  the  subtracter  unit  and  the  re- 
placement of  the  input  stores  by  a shift- 
register.  A simplified  diagram  is  shown  in 
Figure  10-76. 

System  Outline — The  binary  number  to  be 
subtracted  (250  degrees)  is  set  in  the  shift 
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Figure  10-76. — Display  logic  for  demanded  and 
actual  azimuth. 
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register  H.  This  number  and  serial  input  are 
then  shifted  into  the  subtractor  unit,  and 
the  difference  replaced  in  H as  it  becomes 
vacated. 

When  the  serial  input  is  greater  than  250, 
the  difference  (0 — 250)  is  positive  and  is 
stored  in  H.  The  sign  from  the  subtractor 
is  positive. 

When  the  serial  input  0 is  less  than  250, 
the  difference  (0—250)  is  negative.  This  is 
recirculated  into  the  subtractor  unit  and 
subtracted  from  the  input  which  is  held  at 
zero.  The  new  difference  (250—0)  is  positive 
and  stored  in  H for  the  rest  of  the  second. 

The  binary  number  in  H is  converted  into 
degrees  and  minutes  as  described  under  Ele- 
vation Readout. 

Digital  to  Analog  Conversion  Techniques 

The  error  voltage  to  be  applied  to  the  input 
of  the  servo-amplifier  is  in  the  range  0 to  10 
volts,  5 volts  representing  zero  error.  This 
voltage  is  derived  from  the  output  of  a sum- 
ming amplifier  of  better  than  1 percent  line- 
arity and  drift,  which  is  enclosed  in  a small 
constant  temperature  enclosure— a modular. 

The  input  currents  to  the  summing  ampli- 
fier are  derived  from  a precision  voltage 
source,  and  precision  resistors,  also  enclosed 
in  the  temperature  controlled  oven. 

Parallel  transistor  switches,  with  satu- 
rated collector-emitter  voltages  of  the  digits 
matched,  are  driven  from  stores  into  which 
have  been  transferred  the  parallel  represen- 
tation of  the  error. 

The  representation  of  the  error  is  in  bar 
notation,  that  is,  the  sign  digit  has  signifi- 
cance similar  to  bar  1,  etc.,  of  the  familiar 
logarithm  table  notation. 

The  error  has  been  generated  in  this  form 
as  it  simplifies  unipolar  switching.  In  the 
absence  of  a bar-digit,  an  input  current  ap- 
propriate to  half -scale  deflection  is  applied. 
In  the  absence  of  the  least  significant  digits, 
this  is  equivalent  to  zero  error. 

Full  scale  positive  is  produced  by  energiz- 
ing all  switches,  full  scale  negative  by  all 
switches  being  open. 


Operational  Experience 

A critical  analysis  of  the  design  of  the 
digital  equipment  in  the  light  of  operational 
experience  would  perhaps  best  be  made  by 
others  but  the  following  points  are  worth 
making. 

Reorganization  of  tape-format  and  the 
need  for  linear  interpolation  over  200  milli- 
second periods  could  well  be  investigated  fur- 
ther when  a full  analysis  of  all  likely  orbits 
is  made.  This  would  enable  longer  periods  of 
tape  operation  and  would  reduce  storage  and 
simplify  the  logic.  Control  under  manual 
operation  could  be  improved  by  resetting  the 
demanded  accumulator  angle  to  the  actual 
angle  once  per  second.  This  would  prevent 
an  occasional  gross  error  from  being  perpetu- 
ated on  manual  control. 

There  is  insufficient  data  yet  for  prediction 
of  future  reliability  of  the  digital  equipment 
but  the  incidence  of  reading  errors  and  in- 
accuracies from  other  sources  is  extremely 
low  and  augurs  well  for  the  future.  It  is 
extremely  difficult  to  design  digital  compen- 
sation networks  unless  the  servo  parameters 
are  accurately  known.  Now  that  the  mechani- 
cal parameters  are  well  defined  it  is  thought 
that  digital  compensation  techniques  are 
worthy  of  further  consideration. 

Conclusions 

The  digital  steering  apparatus  installed  at 
the  G.P.O.  Radio  Station  has  been  described 
and  discussed  in  detail  where  it  was  thought 
appropriate.  This  was  an  example  of  a digi- 
tal and  analog  servo  mechanism  of  the  type 
where  the  sample  rate  was  high  compared 
to  the  band-width  of  the  control  system.  The 
design  of  the  apparatus  was  extremely  inter- 
esting not  only  for  its  obvious  technical  and 
national  interest  but  for  the  stimulation  it 
gave  to  further  investigation  into  the  digital 
control  field. 
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Results  Of  Tests  Performed  With  Relay  I At  The 
Goonhilly  Downs  Space  Communications  Station 


INTRODUCTION 

The  first  active  communication  satellite — 
Telstar  I — was  launched  from  Cape  Cana- 
veral by  the  U.  S.  National  Aeronautics  and 
space  Administration  (NASA)  in  July  1962, 
and  was  followed  in  December  1962  by  satel- 
lite Relay.  Since  then  many  tests  and  dem- 
onstrations of  television,  multi-channel  te- 
lephony and  telegraphy,  facsimile  and  data 
transmission  have  been  made  via  this  exper- 
imental satellite.  In  addition,  much  data 
has  been  accumulated  on  microwave  propa- 
gation, earth-station  receiving  system  noise 
temperatures  and  satellite  tracking  accuracy. 
Such  tests  and  data  will  be  of  considerable 
value  for  the  planning  and  design  of  future 
operational  communication-satellite  systems. 

This  section  reviews  the  results  obtained 
from  the  tests  with  the  Relay  satellite  and 
draws  some  broad  conclusions  as  to  their 
implications.  Since  it  will  not  be  possible  to 
present  all  the  data,  a representative  selec- 
tion has  been  made. 

Several  communication-satellite  earth  sta- 
tions, including  those  at  Andover  (Maine), 
Nutley  (New  Jersey),  Pleumeur-Bodou 
(France),  Rio  de  Janeiro  (Brazil),  and 
Fucino  (Italy),  took  part  in  the  tests.  The 
results  presented,  however,  are  mainly  those 
obtained  from  measurements  made  at  the 
British  Post  Office  earth-station  at  Goonhilly, 


Cornwall.  It  is  to  be  noted  that  much  addi- 
tional data  on  the  performance  of  the  com- 
munication satellite  has  been  obtained  by 
NASA  via  telemetry  transmissions  from  the 
satellite. 

The  cooperative  program  of  tests  between 
the  various  earth  stations  has  been  coordi- 
nated by  a Ground  Station  Committee.  This 
committee,  which  is  chaired  by  NASA,  in- 
cludes representatives  of  NASA,  the  admin- 
istrations concerned  with  operation  of  the 
stations,  and  the  satellite  designers. 

Before  discussing  the  tests  it  will  perhaps 
be  of  value  to  outline  briefly  the  character- 
istics of  satellite  Relay  and  its  orbit,  and  the 
characteristics  of  the  Goonhilly  earth  station. 

The  Relay  Satellite  and  Its  Orbit 

The  main  characteristics  of  the  Relay  sat- 
ellite are  shown  in  Table  11-1. 

Characteristics  of  the  Goonhilly  Earth  Station 

In  its  present  form  the  Goonhilly  earth 
station  has  been  designed  and  built  primarily 
to  enable  tests  to  be  made  with  experimental 
communication  satellites,  and  also  to  be  ca- 
pable of  development  into  an  operational 
station  at  a later  stage  if  required.  For 
this  reason  it  incorporates  extensive  testing 
equipment  and  other  facilities  that  would 
not  necessarily  be  part  of  an  operational 
station. 
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Table  .11-1. — Main  Characteristics  of  the  Relay  Satellite 


Date  of  launch 

13  December  1962 
Operational 

Present  status  (Nov.,  1963) 

Transmission  characteristics: 

Transmit  frequency  (Me)  _ _ 

4170 

4080 

Beacon  frequency  (Me)  - 

Receive  frequency  (Me) 

1725 

10 

25  and  2 X2 

Radiated  power  (watts) __  _ _____  

Transponder  bandwidth  (Me). 

Orbit: 

Perigee  (statute  miles) 

840 

Apogee  (statute  miles) - ._ 

4600 

Inclination  (rel.  to  Equator)  _ __  

47.5° 

Period  (minutes) 

185 

Sfeerabfe  Aerial 

The  steerable  aerial  at  Goonhilly  employs 
an  85-ft  diameter  parabolic  reflector  with  a 
feed  in  the  aperture  plane,  Figure  11-1. 
Unlike  the  aerials  at  Andover  and  Pleumeur- 


Figure  11-1. — Goonhilly  aerial. 


Bodou,  the  Goonhilly  aerial  is  designed  to 
operate  without  a radome.  The  dish  can  be 
rotated  in  azimuth  through  ± 250  degrees, 
and  in  elevation  from  0 to  100  degrees,  by 
servo-controlled  motor  drives.  The  aerial  is 
steered  on  the  basis  of  predicted  orbital  data, 
with  either  manual  or  automatic  fine  correc- 
tion of  any  residual  errors  in  the  data.  The 
predicted  data,  which  corresponds  to  the 
X,  Y,  Z coordinates  of  the  satellite  position 
at  1-minute  intervals  of  time,  is  supplied 
over  a teleprinter  link  from  the  Goddard 
Space  Flight  Center,  U.S.A.,  up  to  a week 
or  so  in  advance  of  each  satellite  pass.  From 
it  is  derived,  via  a computer  at  Goonhilly, 
azimuth  and  elevation  angle  pointing  data 
at  1-second  intervals  of  time.  The  latter  data 
is  recorded  on  punched  tape  and  used  to  con- 
trol the  aerial  steering  system. 

Any  errors  in  aerial  pointing  are  deter- 
mined by  causing  the  aerial  beam  to  scan 
conically  over  a very  small  angle,  e.g.,  0.03 
degree.  The  resulting  amplitude  modulation 
of  the  microwave  beacon  signal  received 
from  the  satellite  is  detected  and  used  to 
correct  the  aerial  pointing,  by  either  manual 
or  automatic  remote-control  of  the  position 
of  the  feed  at  the  focus. 

Aerial  Gain  and  Radiation  Diagram 

The  accurate  measurement  of  the  gain  of 
large-aperture  microwave  aerials  is  a matter 
of  some  difficulty,  since  the  test  transmitter 
or  receiver  must  be  located  at  least  several 
miles  away  if  a sufficiently  plane  wave  is  to 
be  achieved.  If  tower-mounted  test  aerials 
are  used,  undesirable  ground  reflections  are 
liable  to  arise,  thus  causing  errors.  However, 
the  radio  star  Cassiopeia  A provides  a source 
of  known  and  stable  amplitude  free  from 
such  limitations.  Measurements  of  the  gain 
of  the  Goonhilly  aerial  at  4170  Me  using 
Cassiopeia  A indicate  a gain  of  55.6  db 
(excluding  waveguide  losses)  relative  to  an 
isotropic  aerial,  as  shown  in  Table  11-2: 

The  gain  of  4170  Me  is  some  3.5  db  less 
than  that  of  an  ideal  aerial  with  the  same 
feed  radiation  pattern,  the  loss  being  mainly 
due  to  dish  profile  inaccuracies  (these  being 


TESTS  WITH  RELAY  I AT  GOONHILLY  DOWNS  SPACE  COMMUNICATIONS  STATION  755 


Table  11-2. — Characteristics  of  Goonhilly  Aerial 


Characteristic 

Gain  or  Loss  (db) 

Frequency  (Me) 

1725 

4170 

6390 

Gain  of  ideal  aerial: 

Gain  with  uniform  illumination 

53.4 

61.1 

64.8 

Loss  due  to  tapering— 

1.8 

2.0 

3.0 

Gain  with  tapered  illumination,. 

51.6 

59.1 

61.8 

Additional  losses  due  to: 

Feed  support  shadowing 

1.5 

1.5 

1.5 

Reflector  profile  inaccuracies— 

0.4 

2.0 

4.8 

Total,  

1.9 

3.5 

6.3 

Gain  of  actual  aerial 

49.7 

55.6 

55.5 

less  than  3/16  inch  over  the  area  of  the  dish 
within  the  45-ft  diameter)  ; the  remaining 
losses  are  due  to  scattering  from,  and  aper- 
ture blocking  by,  the  feed  supporting  struc- 


ture. It  is  to  be  noted  that  the  feed  pattern 
is  heavily  tapered,  the  radiation  intensity  at 
the  rim  of  the  dish  being  some  18  db  below 
that  at  the  center,  in  order  to  reduce  noise 
pick-up  from  the  ground.  The  aerial  gains 
at  1725  and  6390  Me  are  49.8  and  55.5  db, 
the  losses  being  1.8  and  6 db  respectively, 
relative  to  an  ideal  aerial.  The  larger  losses 
at  6390  Me  are  due  to  the  greater  effect  of 
profile  inaccuracies  as  the  frequency  is  in- 
creased. 

The  aerial  radiation  diagram  at  4170  Me, 
for  angles  up  to  ±6°  from  the  main  lobe, 
is  shown  in  Figure  11-2.  For  angles  be- 
tween ± 10°  and  ± 90°  the  minor  lobes  are 
at  least  50  db  below  the  main  lobe,  and 
beyond  ±90°  they  are  at  least  70  db  below. 
The  high  discrimination  provided  by  such 
aerials  is,  of  course,  a major  factor  in  avoid- 
ing interference  to  and  from  terrestrial 
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Figure  11-2.— Goonhilly  aerial  horizontal  radiation  diagram  (4170  Me) . 
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radio-relay  systems,  and  other  satellites, 
using  the  same  frequency  bands. 

The  main  lobe  of  the  radiation  diagram  at 
4170  Me  is  shown  in  greater  detail  in  Figure 
11-3,  which  gives  a comparison  between  the 
measured  and  computed  values.  The  ampli- 
tudes of  the  first  pair  of  minor  lobes  are 
somewhat  larger  than  the  computed  values, 
due  to  scattering  from  the  feed  supporting 
structure.  The  width  of  the  main  lobe,  3 db 
below  the  maximum  amplitude  at  1725  Me, 
is  about  24  minutes  of  arc ; it  is  12  minutes 
of  arc  at  4170  Me  and  only  nine  minutes  at 
6390  Me;  thus  pointing  accuracies  of  less 
than  a few  minutes  of  arc  are  essential  if 
significant  losses  of  received  signal  strength 


at  earth  station  and  satellite  are  to  be 
avoided. 

Receiving  System  Overa//  Noise  Temperature 

The  signals  received  from  Relay — even 
allowing  for  the  gain  of  the  85-ft  aperture 
aerial — may  be  only  of  the  order  of  a micro- 
microwatt,  and  a low-noise  receiving  system 
is  therefore  essential.  The  Goonhilly  receiver 
incorporates  a liquid-helium  cooled  maser 
operating  at  about  2°K,  the  equivalent  noise 
temperature  at  the  maser  input  being  about 
12°K.  However,  the  losses  in  the  waveguide 
feeders,  filters  and  other  components  be- 
tween the  maser  and  the  aerial  feed  increase 
the  overall  receiving  system  noise  tempera- 
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Figure  11-3. — Goonhilly  aerial  horizontal  radiation  diagram  main  lobe  (4170  Me) . 
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ture  to  about  55°  K when  the  aerial  is  point- 
ing at  the  zenith,  as  shown  in  Figure  11-4. 
As  the  aerial  moves  from  the  zenith  towards 
the  horizon,  additional  noise  is  picked  up 
from  the  atmosphere  and,  for  angles  of  ele- 
vation below  a few  degrees,  from  the  ground 
via  the  minor  lobes  of  the  radiation  diagram. 
Figure  11-4  shows,  curve  (c)  , the  calculated 
noise  contribution  from  a “standard”  atmos- 
phere. The  difference  between  the  measured 
overall  noise  temperatures  shown  in  curves 
(a)  and  (b)  represents  an  improvement  of 


some  15°K  due  to  a reduction  of  the  feeder 
system  losses  by  0.2  db.  Of  particular  inter- 
est is  the  limited  range  of  variation  of  the 
overall  noise  temperature  at  given  angles  of 
elevation  over  a period  of  some  two  months 
with  changing  atmospheric  conditions,  i.e., 
clear  skies  interspersed  with  rain,  cloud,  and 
occasional  ground  mist.  It  is  believed  that 
this  small  range  of  variation  is  in  part  due 
to  the  absence  of  a radome,  which  when  wet 
could  contribute  significantly  to  the  overall 
noise  temperature. 
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Figure  11-4. — Goonhilly  overall  noise  temperature  (measured)  4170  Me. 
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Transmitters 

The  transmitter  used  at  Goonhilly  for  tests 
with  Relay  produces  an  output  of  up  to  10  kw 
at  1725  Me.  The  corresponding  maximum 
effective  radiated  power,  allowing  for  the 
aerial  gain  and  the  feeder  losses,  is  some  700 
megawatts. 

Results  of  Tests  and  Demonstrations 

Characteristics  of  Received  Carrier 

The  characteristics  of  the  received  carrier 
of  primary  interest  are : 

1.  The  variation  of  level  during  a satellite 
pass,  especially  at  low  angles  of  elevation. 

2.  The  Doppler  frequency  shift  due  to  the 
motion  of  the  satellite  relative  to  the  earth 
stations. 

The  variation  of  received  carrier  level 
during  a typical  pass  of  Relay  is  shown  in 
Figure  11-5.  It  indicates: 

1.  Acquisition  of  the  satellite  with  the 
aerial  beam  only  0.5  degree  above  the  hori- 
zontal. 

2.  Fluctuations  of  level  of  a few  decibels 
for  angles  of  elevation  up  to  about  three 
degrees,  due  to  tropospheric  layers  and  ir- 
regularities. 

3.  A steadily  increasing  level  from  about 
three  degrees  elevation,  to  the  end  of  the 
pass. 

Study  of  the  variations  of  received  carrier 
level  for  low  angles  of  elevation  is  of  con- 
siderable importance  for  the  design  of  opera- 
tional communication  satellite  systems,  since 
the  coverage  obtainable  and  therefore  the 


number  of  satellites  required  depends  on  the 
minimum  angle  of  elevation  at  which  signals 
can  be  consistently  received.  The  fact  that 
the  horizon  at  Goonhilly  is  not  more  than 

0. 5  degree  above  the  horizontal  has  facili- 
tated such  studies.  Statistical  data  of  the 
variation  of  received  carrier  level  at  low 
angles  of  elevation,  obtained  during  a num- 
ber of  satellite  passes,  is  shown  in  Figure 
11-6.  It  is  considered  that  reliable  operation 
can  be  achieved  for  angles  of  elevation  down 
to  about  three  degrees ; however,  more  data 
are  needed  to  confirm  this  provisional  result. 

For  angles  of  elevation  above  about  three 
degrees,  the  received  carrier  level  can  be 
calculated  with  good  accuracy  from  the  free- 
space  transmission  equation,  allowance  being 
made  for  the  satellite  “look  angle”,  i.e.,  the 
angle  which  determines  the  effective  gain 
(or  loss)  of  the  satellite  aerial  along  the 
direction  between  the  satellite  and  the  earth 
station. 

Figure  11-7  shows  a comparison  between 
the  measured  and  calculated  received  car- 
rier powers  for  a typical  pass  of  Relay.  It 
also  shows  the  Doppler  frequency  shift  of 
the  carrier  during  the  pass,  due  to  the  rate 
of  change  of  path  length  between  the  earth 
stations  via  the  satellite.  The  varying  small 
difference  between  the  measured  and  calcu- 
lated values  is  due  to  frequency  drift  of  the 
oscillators  in  the  satellite  and  earth  stations. 

The  Doppler  frequency  shift  may  be  up  to 
some  80  kc  on  the  4170  Me  received  carrier, 

1. e.,  up  to  2 parts  in  .10®,  in  the  case  of  the 
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Figure  11-5. — Variation  of  received  carrier  power  with  angle  of  elevation  and  time. 
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Figure  11-6. — Variation  of  received  carrier  level 
at  low  angles  of  elevation. 
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Figure  11-7. — Comparison  of  measured  and  calibrat- 
ed received  carrier  power  and  Doppler  shift. 


Relay  satellite,  for  a loop  connection  via  the 
satellite,  i.e.,  from  one  earth  station  to  the 
satellite  and  back  to  the  same  earth  station. 


For  earth  stations  on  opposite  sides  of  the 
Atlantic  the  Doppler  shift  rarely  exceeds 
1 part  in  105,  and  is  generally  appreciably 
less.  Such  shifts  of  the  carrier  frequency  are 
not  significant  in  the  wideband  RF  or  IF 
channels  of  the  FM  communication  system; 
they  are  important,  however,  in  the  narrow- 
band  beacon  channel  which  has  to  be  tuned 
to  allow  for  the  shift.  Doppler  frequency 
shifts  of  up  to  1 or  2 parts  in  10s  also  occur 
in  the  baseband  signals  ; the  effects  for  vari- 
ous types  of  baseband  signal  will  be  discussed 
later. 


Selective  Fading  and  Multi-Path  Effects 

Observations  have  been  made  on  many  occa- 
sions to  determine  whether  frequency  selec- 
tive fading  or  multi-path  effects,  e.g.,  due 
to  partial  reflections  from  tropospheric  lay- 
ers, are  present.  Such  effects  might  be  ex- 
pected to  occur,  for  example,  at  low  angles 
of  elevation  with  glancing  incidence  on  the 
tropospheric  layers. 

Frequency  selective  fading  can  be  investi- 
gated by  transmitting  a frequency-modulated 
carrier  with  a deviation  of  several  mega- 
cycles per  second  and  observing  the  received 
signal  on  an  IF  spectrum  analyzer;  multi- 
path  echo  signals  can  be  investigated  by 
transmitting  a narrow  pulse,  e.g.,  0.2  micro- 
second pulsewidth,  and  observing  the  re- 
ceived baseband  signal. 

Although  many  observations  have  been 
made,  no  evidence  of  selective  fading  or 
multi-path  effects  within  the  limits  of  reso- 
lution of  the  equipment  have  been  detected 
for  angles  of  elevation  above  about  three 
degrees.  This  favorable  result  is  attributable 
in  part  to  the  very  high  directivity  of  the 
earth-station  aerial,  which  discriminates 
markedly  against  any  tropospheric  reflec- 
tions more  than  a fifth  of  a degree  off-beam, 
and  partly  to  the  smaller  reflection  coeffi- 
cients for  angles  of  incidence  of  greater  than 
a few  degrees  relative  to  the  mainly  hori- 
zontal layers. 

Below  about  three  degrees  elevation  of  the 
earth-station  aerial  beam,  the  received  car- 
rier level  fluctuations  indicate  reflections 
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from  tropospheric  discontinuities.  However, 
even  in  this  region,  the  relative  delays  of 
such  signals  are  so  small  that  they  do  not 
give  rise  to  significant  selective  fading  or 
echo  effects. 

The  foregoing  observations  are  confirmed 
by  the  excellent  transmission  quality  of  the 
satellite  link  for  television  and  multi-channel 
telephony  signals,  referred  to  later. 

Satellite  Tracking  Accuracy 

For  angles  of  elevation  above  about  three 
degrees,  errors  in  uncorrected  aerial  point- 
ing relative  to  the  wave  arrival  direction 
rarely  exceed  10  minutes  of  arc,  and  are 
generally  less  than  5 minutes  of  arc  for 
satellite  orbits  predicted  up  to  two  weeks 
in  advance.  The  manual  or  auto-track  fine 
correction  systems  enable  even  these  small 
errors  to  be  reduced  to  one  or  two  minutes 
of  arc. 

These  results  indicate  the  practicability  in 
operational  systems  of  using  aerials  with 
beamwidths  of  only  10  minutes  of  arc,  i.e., 
with  gains  of  up  to  about  60  db,  provided 
that  such  regular  operation  does  not  extend 
below  about  three  degrees  elevation  relative 
to  the  horizon.  Below  about  three  degrees 
elevation,  ray  bending  due  to  atmospheric 
refraction  plays  an  increasingly  important 
role ; in  the  case  of  a satellite,  the  true  direc- 
tion of  which  is  horizontal,  the  aerial  must 
be  pointed  about  0.6  degree  above  the  hori- 
zontal, for  a “standard”  atmosphere.  In 
practice  the  amount  of  refraction  varies 
somewhat  about  the  “standard”  value  and 
small  fluctuations  of  wave  arrival  direction 
occur  at  low  angles  of  elevation. 

Television  Transmission 

It  is  to  be  noted  that  a sound  channel  is 
normally  provided  with  the  television  chan- 
nel, using  a 4.5  Me  frequency-modulated  sub- 
carrier in  the  baseband.  This  requires  that 
a 3 Me  low-pass  filter  be  inserted  in  the  tele- 
vision channel ; the  results  reported  are  with 
such  a filter  in  use,  except  where  indicated 
otherwise. 


Video  Channel  Transmission  Characteris- 
tics-— Typical  video  channel  gain  and  delay/ 
frequency  responses,  measured  at  Goonhilly, 
via  the  Relay  satellite  in  loop,  are  shown  in 
Figure  11-8.  As  would  be  expected  in  a 
frequency-modulation  system,  the  loop-gain 
stability  is  good,  the  variation  being  gener- 
ally less  than  ±0.2  db. 

RELAY 

VIA  SATELLITE  LOOP  PASS  No.  649 

3 Me  L.P.  FILTER  IN  CIRCUIT  (7  MARCH  1963) 


Figure  11-8. — Insertion-gain  and  group  delay /fre- 
quency characteristics  of  video  channel. 


The  video  waveform  response,  measured 
with  a sine-squared  pulse  (2T  = 0.3  n S) 
and  bar  signal  with  the  satellite  in  loop  is 
shown  in  Figure  11-9.  The  corresponding 
K-rating  factor,  which  defines  the  waveform 
distortion,  is  less  than  2 percent. 

The  good  quality  of  the  satellite  video 
channel  is  shown  by  Figure  11-10,  a typical 
test  card  on  the  TI.S.  525-line  television 
standard  transmitted  from  Andover,  Maine, 
to  Goonhilly  via  Relay.  Multipath  and  echo 
signals  are  imperceptible;  such  imperfec- 
tions as  are  apparent  on  close  examination 
of  the  received  test  card  are  due  to  the  band- 
width restriction  imposed  by  the  3 Me  low- 
pass  filter  on  the  nominal  4.5  Me  bandwidth 
video  signal. 

Doppler  frequency  shifts  have  no  effect  on 
the  quality  of  the  received  monochrome  video 
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VIDEO  WAVEFORM  (SINE-SQUARED  2T  PULSE  AND  BAR)  RESPONSE 

Figure  11-9. — Video  waveform  via  satellite  loop 
(3  Me)  L.  P.  filter  in  circuit. 


signals,  since  they  correspond  to  a slow 
variation  of  transmission  time  of  a few  tens 
of  milliseconds  during  each  pass  and  this  is 
imperceptible  to  viewers. 

Video  Signal-to-Noise  Ratio — For  most 
passes  of  the  Relay  satellite,  and  for  angles 
of  elevation  above  a few  degrees,  the  meas- 
ured overall  weighted  video  signal  (peak-to- 
peak,  black-to- white)  to  RMS  noise  ratio  has 


been  in  the  range  from  about  40  to  50  db, 
corresponding  received  carrier-to-noise  ratios 
in  a 25  Me  IF  band  exceeding  some  10  db. 
The  measured  values  have  agreed,  within  one 
or  two  decibles,  with  the  calculated  values 
allowing  for  satellite  range  and  look  angle, 
the  receiving  system  noise  temperature  and 
other  characteristics. 

Under  the  above  conditions  it  is  possible 
to  use  a normal  frequency  modulation  de- 
modulator to  recover  the  video  modulation 
from  the  carrier ; however,  occasionally  due 
to  the  abnormally  long  distance  to  the  satel- 
lite, unfavorable  satellite  look  angles  or  low 
angles  of  elevation  at  the  earth  station,  the 
received  carrier-to-noise  ratio  has  been  less 
than  10  db.  Under  these  conditions  a fre- 
quency-following negative-feedback  (FMFB) 
demodulator,  or  a variable-bandwidth  dy- 
namic-tracking demodulator  (DTVB)  can 
be  used  and  have  been  shown  to  give  satis- 
factory results  for  carrier-to-noise  ratios, 
measured  in  a 25  Me  band,  of  only  6 db  and 
useable  results  at  even  smaller  ratios.  The 
DTVB  demodulator  uses  a narrowband  filter, 
the  center-frequency  of  which  follows  the 
instantaneous  frequency  of  the  FM  carrier, 
the  filter  bandwidth  being  adjustable  to  suit 
the  prevailing  noise  conditions.  Figure  11-11 
shows  a comparison  of  the  performance  of 
the  FMFB  and  DTVB  demodulators  with  a 
normal  FM  demodulator  under  conditions  of 
low  carrier-to-noise  ratio. 

Use  of  Video  Pre-emphasis  and  De-empha- 
sis— It  has  generally  been  preferred  at 
Goonhilly  to  use  video  pre-emphasis  and  de- 
emphasis,  since  this  reduces  the  mean  devi- 
ation of  the  frequency  modulated  carrier 
without  reducing  the  overall  signal-to-noise 
ratio.  The  smaller  mean  deviation  has  two 
advantages. 

1.  It  reduces  crosstalk  from  the  video 
channel  into  the  subcarrier  audio  channel 
due  to  residual  non-linearity  of  the  FM 
system 

2.  It  improves  the  overall  performance  of 
the  video  channel  under  low-carrier-to-noise 
ratio  conditions  by  minimizing  effects  due  to 
maser  bandwidth  limitations. 
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Figure  11-10.- — Typical  test  card  received  at  Goonhilly. 


Video -to -Audio  Crosstalk — Without  video 
pre-emphasis  the  audio  noise  due  to  crosstalk 
from  the  video  channel  has  varied  from  about 
—30  to  —40  dbm  (weighted),  depending  on 
picture  content;  with  video  pre-emphasis, 
values  ranging  from  —44  to  —48  dbm  have 
been  obtained. 

Multi-Channel  Telephony  Transmission 

Multi-channel  telephony  tests  are  espe- 
cially important  since  the  economic  viability 
of  communication  satellite  systems  will  de- 
pend to  a considerable  degree  on  their  ability 
to  accommodate  large  numbers  of  telephone 
channels,  subdivided  into  both  small  and 
large  blocks  of  channels. 

The  multi-channel  telephony  tests  carried 


out  with  the  Relay  satellite  have  been  of  two 
types : 

1.  Two-way  tests,  e.g.,  demonstrations  be- 
tween telephone  subscribers,  using  blocks  of 
12  or  24  channels  in  the  baseband  from  12  to 
108  kc 

2.  One-way  tests  of  300  or  600  simulated 
telephone  channels,  using  white  noise  in  the 
baseband  from  60  to  2540  kc. 

12/ 2U  Channel  Tivo-way  Telephony  Tests— 
For  two-way  transmission  of  12  or  24  tele- 
phone channels  the  transmissions  from  the 
two  earth  stations  are  spaced  by  3.33  Me, 
received  in  the  satellite  in  separate  narrow- 
band  receivers,  frequency-tripled  at  the  in- 
termediate frequency,  and  transmitted  via  a 
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Figure  11-11. — Comparison  of  FMFB,  D.  T.  V.  B. 
and  normal  demodulators. 


common  broadband  output  amplifier,  the 
carrier  spacing  then  being  10  Me.  This  rep- 
resents a somewhat  inefficient  use  of  band- 
width, but  the  arrangement  is  convenient  for 
experimental  purposes  in  that  only  one  trans- 
ponder is  needed  in  the  satellite  for  two-way 
tests. 

The  weighted  noise  in  the  3.1  kc  wide 
telephony  channels,  measured  at  a point  of 
zero  relative  level,  ranges  in  general  from 
about  —55  dbmO  to  —65  dbmO,  when  working 
with  the  larger  earth  stations. 

The  two-way  telephone  channels  have  been 
used  for  many  subjective  tests  and  demon- 
strations between  telephone  subscribers  and 


the  results  have  been  fully  comparable  with 
other  high-quality  long-distance  transmis- 
sions systems.  In  one  series  of  tests  six  tele- 
phone channels  in  a 12-channel  group  were 
looped  via  the  Relay  satellite  to  provide  a 
45,000  mile  transmission  path  in  space,  the 
one-way  transmission  delay  then  being  about 
a quarter  of  a second.  The  telephone  speech 
over  this  long  path  was  of  satisfactory  qual- 
ity and  substantially  free  from  noise  and 
interference;  the  effect  of  the  transmission 
delay  was,  however,  noticeable  as  an  occa- 
sional difficulty  in  interrupting  the  distant 
speaker. 

One-Way  Tests  with  300/600  Simulated 
Telephone  Channels — As  mentioned  earlier, 
large  numbers  of  telephone  channels  car- 
rying speech  and  other  signals  may  be  con- 
veniently simulated  by  white  noise  with  a 
uniform  spectrum  occupying  the  same  fre- 
quency range  as  the  telephone  channels,  e.g., 
60  to  1300  kc  for  300  channels  and  60  to  2540 
kc  for  600  channels. 

In  order  to  determine  the  performance  of 
a transmission  system,  narrow  slots  are  in- 
serted in  the  spectrum  of  the  white-noise 
test  signal,  the  slots  being  centered  on  70, 
534,  1248  and  2438  kc.  The  slots  enable  any 
noise,  whether  basic,  i.e.,  of  thermal  origin, 
or  due  to  intermodulation  between  the  sig- 
nals in  the  telephone  channels,  to  be  meas- 
ured at  the  output  of  the  transmission 
system  under  test.  The  loading  of  the  trans- 
mission system,  i.e.,  the  RMS  frequency 
deviation  produced  in  a frequency-modula- 
tion system,  by  the  multi-channel  signal,  can 
be  varied  by  adjusting  the  level  of  the  white- 
noise  test  signal  at  the  input  of  the  system. 
As  the  loading  is  increased,  the  level  of  basic 
noise  in  the  slot  channels  at  the  output  of  the 
system  decreases  and  the  inter-modulation 
noise  increases.  Thus,  an  optimum  loading 
condition  giving  the  best  overall  signal-to- 
noise  ratio  can  be  determined. 

Furthermore,  the  effect  of  pre-emphasis 
of  the  multi-channel  signal  before  transmis- 
sion can  be  readily  assessed  by  means  of  a 
white-noise  test  signal.  Pre-emphasis  is  use- 
ful in  frequency  modulation  systems  for 
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multi-channel  telephony,  since  in  the  absence 
of  pre-emphasis  the  basic  noise  spectrum 
tends  to  be  “triangular”,  the  signal-to-basic 
noise  ratio  in  the  high-frequency  baseband 
channels  being  worse  than  in  the  low-fre- 
quency channels;  with  pre-emphasis  a more 
uniform  distribution  of  signal-to-noise  ratio 
in  the  baseband  can  be  obtained.  However, 
in  choosing  the  amount  and  shape  of  the 
pre-emphasis  characteristic,  a compromise  is 
necessary,  since  too  much  pre-emphasis  in- 
troduces excessive  intermodulation  noise  in 
low-frequency  telephone  channels. 

White-noise  test  signals  are  also  useful  for 
comparing  the  multi-channel  telephone  per- 
formance of  FMFB  and  standard  demodu- 
lators under  conditions  of  low  received 
carrier-to-noise  ratio. 

The  application  of  these  principles  to  simu- 
lated multi-channel  telephony  tests  using  the 
Relay  satellite  will  now  be  discussed.  Figures 
11-12  and  11-13  respectively  show  the  re- 
sults of  300  and  600  channel  white-noise 
loading  test  with  Relay,  the  loading  being 
varied  about  a “normal”  value  for  the  simu- 
lated multi-channel  signal,  the  deviation  pro- 
duced by  a test-tone  of  1 mw  at  zero  level 
point  in  a telephone  channel  then  being  675 
kc  RMS.  The  results  indicate  that  the  “nor- 
mal” deviation  was  nearly  optimum  with  the 
single  exception  of  the  lowest  channels  and 
only  under  600  channel  loading.  The  effect 
of  pre-emphasis  was,  as  expected,  to  improve 
the  high-frequency  channels,  e.g.,  at  2438  kc, 
at  the  expense  of  the  low-frequency  channels, 
e.g.,  at  70  kc.  The  pre-emphasis  used  was 
the  standard  characteristic  for  conventional 
radio-relay  systems  with  a range  of  8 db. 

The  tests  have  also  shown  that  with  a 
standard  FM  demodulator  the  system  thresh- 
old occurs  for  a carrier-to-noise  ratio,  in  a 
25  Me  band,  of  about  10.5  db;  with  the 
FMFB  demodulator  the  corresponding  ratio 
is  about  6.5  db,  an  improvement  of  4 db. 

In  an  operational  system  meeting  inter- 
national circuit  standards,  the  test  tone-to- 
weighted  noise  ratio  would  be  expected  to 
exceed  50  db,  compared  with  the  values  of 
46  to  56  db  shown  in  the  300-channel  tests 
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Figure  11-12. — 300  channel  white  noise  loading  test. 
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Figure  11-13. — 600  channel  white  noise  loading  test. 
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and  37  to  45  db  in  the  600-channel  tests. 
However,  it  should  be  borne  in  mind  that  the 
experimental  satellite  Relay  does  not  employ 
significant  aerial  gain  at  the  satellite;  in  an 
operational  system  using  attitude-stabilized 
satellites,  aerial  gains  of  up  to  15  db  would 
be  possible  and  would  yield  a corresponding 
improvement  in  signal-to-noise  ratio.  Fur- 
thermore, the  linearity  of  the  experimental 
system  is  by  no  means  optimum;  improved 
RF/IF  delay  equalization  and  more  linear 
modulators  and  demodulators  should  be  pos- 
sible with  further  development.  Given  such 
improvements,  it  is  expected  that  at  least 
1000  telephone  channels  to  international  cir- 
cuit standards  should  be  achievable  on  each 
radio  carrier,  using  satellite  transmitter 
powers  of  no  more  than  a few  watts.  With 
large  blocks  of  telephone  channels,  correction 
of  Doppler  frequency  shifts  would  be  neces- 
sary, as  discussed  later. 

Facsimile  Transmission 

A number  of  tests  of  facsimile  transmis- 
sion have  been  made  via  the  Relay  satellites, 
using  individual  audio  channels  in  the  12/24 
channel  groups  and  standard  facsimile  trans- 
mitters and  receivers. 

1.  A double-sideband  amplitude  modulated 
audio  tone,  e.g.,  1300  cps. 

2.  A frequency-modulated  audio  tone,  e.g., 
with  1500  cps  for  white  and  2300  cps 
for  black. 

In  general,  the  amplitude-modulated  trans- 
missions are  more  susceptible  to  impairment 
due  to  noise  or  variations  of  loss  in  the  trans- 
mission path,  than  are  the  frequency-modu- 
lated transmissions,  and  are  thus  a more 
searching  form  of  test. 

Figure  11-14  shows  CCITT  test  charts 
transmitted  via  Relay,  the  upper  chart  with 
frequency  modulation  and  the  lower  chart 
with  amplitude  modulation. 

The  principal  defect  likely  to  occur  in  fac- 
simile transmission  via  a satellite  link,  unless 
special  means  are  taken  to  prevent  it,  is 
“skew”  of  the  received  picture  due  to  the 
gradually  changing  transmission  delay  as  the 
path  length  via  the  satellite  changes.  For 


typical  Relay  orbits,  which  are  highly,  ellipti- 
cal, this  might  be  up  to  10  milliseconds  in  a 
picture  transmission  time  of  7.5  minutes,  i.e., 
up  to  2 parts  in  105  compared  with  the  CCITT 
recommended  limit  for  skew  of  1 part  in  105. 

In  an  operational  satellite  system  using  a 
medium-altitude  circular  equatorial  orbit  the 
rate  of  change  of  transmission  delay  would 
be  less  than  for  the  Relay  orbits,  and  would 
be  within  the  CCITT  limit  for  skew. 

V.  F.  Telegraphy  and  Data  Transmission 

Many  tests  of  V.F.  telegraphy  transmission 
have  been  made  via  Relay  satellite,  using 
individual  audio  channels  in  the  12/24  chan- 
nel groups.  Standard  frequency-modulation 
V.F.  telegraph  terminal  equipments  were 
used  with  the  following  characteristics : 

1.  120  cps  channel  spacing  and  a frequency 
deviation  of  ± 30  cps  (CCITT  stand- 
ard) 

2.  170  cps  channel  spacing  and  frequency 
deviation  of  ± 35  cps  (U.  S.  standard) 

The  tests  were  in  three  main  classes : 

1.  Demonstrations,  in  cooperation  with 
American  telegraph  common  carriers, 
between  Telex  subscribers  in  London 
and  New  York. 

Although  some  difficulties  were  encoun- 
tered initially,  apparently  due  to  differ- 
ences between  British  and  American 
V.F.  telegraph  equipments,  most  of  the 
demonstrations  were  successful  and  it 
was  concluded  that  the  satellite  link  did 
not  contribute  any  significant  adverse 
factor. 

2.  Tests  over  the  loop  London-Andover- 

London,  using  50-baud  signals  and 
CCITT  standard  terminal  equipment. 
On  a number  of  passes,  even  when  the 
signal-to-noise  ratio  was  lower  than 
would  normally  be  expected,  the  start- 
stop  distortion  and  the  basic  error  rate 
was  about  the  same  as  that  of  a long 
distance  circuit  provided  by  conven- 
tional means.  \ 

3.  One-way  tests  between  New  York  and 
London  using  U.S.  standard  terminal 
equipment. 
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Figure  11-14. — Facsimile  transmission,  Relay  I. 


For  the  channels  in  the  12/24  channel 
groups  used  for  the  various  telegraph  tests, 
Doppler  frequency  shifts  were  less  than  1 
or  2 cps,  and  thus  did  not  present  a major 
source  of  distortion.  However,  it  was  noted 
that,  while  the  gradually  changing  transmis- 
sion time  causes  no  difficulty  for  start-stop 
teleprinter  systems,  an  adequate  range  of 
automatic  speed  correction  is  necessary  for 
isochronous  systems.  In  future  operational 
satellite  communication  systems  using  larger 
blocks  of  channels  with  higher  baseband  fre- 
quencies than  the  12/24  channel  groups  used 
in  the  tests  it  will  be  necessary  to  correct  for 
Doppler  frequency  shifts,  e.g.,  by  the  use  of 


pilot  reference  frequency  carriers,  path-delay 
correction  or  by  other  means.  Consideration 
will  also  need  to  be  given  to  compensation  for 
the  change  of  transmission  delay  in  switch- 
ing from  satellite-to-satellite,  which  may  be 
up  to  10  or  20  milliseconds,  equivalent  to  one 
element  of  a 50-baud  teleprinter  signal,  in 
some  types  of  satellite  system. 

Conclusions 

In  this  broad  survey  it  has  only  been  pos- 
sible to  present  representative  results  from 
the  considerable  volume  of  experimental  data 
that  has  been  accumulated  since  the  launch 
of  Relay  I.  Nevertheless,  the  results  obtained 
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from  the  tests  and  demonstrations  to  date 
have  confirmed  the  expectation  that  active 
communication  satellites  could  provide  high- 
quality  stable  circuits  for  television,  multi- 
channel telephony,  V.F.  telegraphy  and  fac- 
simile picture  transmission.  The  very  good 
results  obtained  in  the  tests  with  600  simu- 
lated telephone  channels,  are  particularly 
noteworthy.  With  further  development  it  is 
considered  that  it  will  be  possible  to  transmit 
at  least  a thousand  telephone  channels,  of 
international  circuit  performance  standards, 
on  each  radio  carrier;  communication  satel- 
lites with  twice  or  three  times  this  capacity 
can  be  envisaged. 

The  propagation  results  obtained  at  Goon- 
hilly  have  been  particularly  interesting  since 
they  have  revealed  the  possibility  of  reliable 
operation  down  to  elevation  angles  of  only 
a few  degrees.  This  conclusion  has  a marked 
bearing  on  the  coverage  provided  by  a com- 
munication satellite  and  the  numbers  of  satel- 
lites required  to  provide  worldwide  coverage. 
It  is  also  of  interest  that  at  no  time  has 
interference,  e.g.,  from  radio-relay  systems 
sharing  the  same  frequency  band  or  from 
other  man-made  sources,  been  detected  on 
the  satellite  link. 

The  practicability  of  tracking  satellites,  to 
within  some  ten  minutes  of  arc,  from  orbital 
data  predicted  up  to  a fortnight  in  advance, 
with  automatic  fine  correction  to  within  a 
minute  or  two  of  arc,  has  been  established. 

Finally,  it  is  believed  that  the  results  ob- 
tained at  Goonhilly  and  the  other  earth  sta- 


tions participating  in  the  NASA  cooperative 
program  of  communication  satellite  tests  will 
be  of  considerable  value  for  the  design  of 
future  operational  systems. 
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